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Multi-Layers Composite Plasma Coatings Based
on Oxide Ceramics and M-Croll
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YBelarusian National Technical University (Minsk, Republic of Belarus),
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Abstract. The paper considers the influence of the parameters of the plasma spraying process on the technological characte-
ristics of multilayer coatings based on nickel-chromium, nickel-chromium-aluminum-yttrium materials, oxide ceramics,
intended for operation at high temperature and additional dynamic loads. The design of plasma coatings during their applica-
tion (with subsequent high-energy processing) under such conditions requires a comprehensive solution — both the use
of high-quality powder ingredients and the optimization of technological parameters. The plasma process of applying powder
materials has been improved to obtain the maximum values of their utilization factors. The technological characteristics that
affect the properties of plasma coatings are optimized, namely: the flow rates of the plasma-forming and materials-
transporting gases, the flow rate of supplied powder materials, the current and voltage of the electric arc of the plasma torch,
the distance from the plasma torch nozzle exit to the substrate. The paper presents the results of studies of the structure
of coatings, performed using scanning electron microscopy. Their analysis has made it possible to form general regularities
obtained by the action of radiation of compression plasma flows on coatings formed by air plasma. The considered structures
are created using the processes of melting, compaction and high-speed cooling of plasma coatings. The main optimization
indicators are the maximum local compaction and spillage of the obtained compositions with the absence of defects and
destruction from the impact of compression plasma flows. The main effect during the action of radiation of a compression
plasma flow on previously formed coatings is thermal. It contributes heating of the near-surface layer. When the coating
is exposed to radiation of compression plasma flows, a remelted layer of oxides with a thickness of about 12—15 pum is crea-
ted, smoothing the relief of the formed surface and creating a network of cracks on the surface, diverging into the depth of the
coating. The liquid-phase processes occurring in the molten phase of the near-surface layers after exposure to compression
plasma radiation change the structure of the layers and contribute to the modification of their mechanical properties.
By smoothing the surface, increasing the density of the surface crystallized layer and minimizing macro-defects — pores
or macrocracks — the mechanical characteristics of the coatings increase.

Keywords: plasma torch, technological modes, optimization process, powder utilization factor, radiation of plasma compres-
sion flows, modification of near-surface layers, operational parameters
For citation: Panteleenko F. 1., Okovity V. A., Devoino O. G., Astashinsky V. M., Switala F. (2022) Multi-Layers Composite

Plasma Coatings Based on Oxide Ceramics and M-Croll. Science and Technique. 21 (2), 93-98. https://doi.org/10.
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Mamlmocmpoenue U MawiuHogeoeHue

MHoroc/10iHbI¢ KOMIIO3ULHOHHBIE IIA3MEHHbIE IIOKPBITHA
HAa OCHOBE OKCHIHOM KepaMHKH U M-KpoJiei

Yia.-xkop. HAH Besapycu, 10KT. TexH. HayK, npo¢. ®@. . IIanTesneenxo ’, H
KaH/A. TeXH. HayK B. A. OKOBUTBIIi ', JOKT. TeXH. HAYK, npo¢. O. T'. Ilenomio ),
w1.-kop. HAH Benapycu, 10KT. gpus.-mat. nayk, npod. B. M. Acrammuckuii®,
JIOKT. TexH. HayK ®@. CBuTama™

1)Eenopyccm/m HAIIMOHAJFHBIN TeXHUYecKuid yHuBepcuteT (MuHCK, Pecrrybmmka benapycs),
I/IHCTnTyT Tero- U MaccoodMeHa nmenn A. B. JIeikoBa HAH Bemapycn (MunCck, Pecryonuka benapycs),
CaMapcmn rocyAapcTBeHHBIN TexHnuecknii yausepcureT (Camapa, Poccuiickas deneparus),
YKarommueckuii yunsepcurer Jo6muna nveny Moanna [Masna 11 (Jiio6mus, Ionpma)

Pedepar. PaccmoTpeHo BiHsiHHE MapaMeTPOB MpOIIEcca MIIa3MEHHOTO HANbUIEHHS] HA TEXHONIOTUYECKUE XapaKTePHCTHKH MHOTO-
CIIOMHBIX TIOKPBITHI Ha 0a3ze MaTepHaoB HUKEIb-XPOM M HHUKEIb-XPOM-ATFOMUHUH-UTTPUHA, OKCHIHOW KEpaMHKH, NpeaHa3Ha-
YEHHBIX JUIS SKCIUTyaTalliyl INIPH BBICOKHX TEMIIEPaTypHBIX M JIOTIOJHUTEIBHBIX AMHAMHYECKHX Harpyskax. KoHcTpympoBanue
IUIA3MEHHBIX TTOKPBHITHH NPHU WX HAaHECEHWH (C MOCNICIYIONIEeH BBICOKOIHEPreTUYECKOH 00padoTKOI) B TAKMX YCIOBHAX TpeOyeT
KOMIUIEKCHOTO PEIICHHs] — KaK IPUMEHEHHS] KaYeCTBEHHBIX TOPOLIKOBBIX WHIPEUEHTOB, TaK U ONTHMH3ALMU TEXHOJIOIHYECKHUX
TIapaMeTpOB. Y COBEPIICHCTBOBAH IUIA3MEHHBINM IPOIECC HAHECCHWs! MOPOIIKOBBIX MaTEpUANIOB Il MOJIYYSHHS MAKCHMAJIBHBIX
3HaYCHNH MX KOA()(HUIMEHTOB HCTIONb30BaHMsL. ONTUMI3UPOBAHBI TEXHOJIOTNUECKHE XApaKTEPHCTUKH, OKa3bIBAIONINE BIMSHAC Ha
CBOMCTBA IJTa3MEHHBIX MOKPHITHH, 8 IMEHHO: BEJIMUMHBI PACXO0JI0B IIa3MO00PA3YIOLIEro U TPAaHCIIOPTUPYIOIIETO MaTepHaIbl ra30B,
pacxo]] MOAaBaeMbIX IOPOIIKOBBIX MATEPHANIOB, TOK U HAINpPSDKEHHE JJIEKTPUUECKOH JYTH IUIA3MEHHOH TOPENKH, PacCTOSHHUE
OT Cpe3a COIlIa IIa3MOTPOHA JI0 MOUIOKKH. B cTaThe MpuBENeHBI pe3yIbTaThl HCCIIEOBAHUH CTPYKTYPhI TOKPBITHH, BBITOTHEH-
HBIX C IPUMEHEHHEM PAaCTPOBOH 3JIEKTPOHHOH MUKpOcKonuy. X aHam3 no3Bomi1 chopMUpOBaTh OOIIHE 3aKOHOMEPHOCTH, TOJTy-
YyaeMble TIPU BO3ICHCTBUM M3ITyUYeHHsT KOMIIPECCHOHHBIX IUIa3MEHHBIX OTOKOB Ha C(hOPMUPOBAHHbIE BO3YIITHON IUIa3MOH TIOKPHI-
THs. PaccMOTpeHHBIE CTPYKTYpBI CO3JaHBI IIPH TIOMOIIY IPOLECCOB IUIABICHHUS, YIUIOTHEHUS U BBICOKOCKOPOCTHOTO OXJIAXICHUS
TUTAa3MEHHBIX MOKPHITHI. OCHOBHBIE MOKA3aTeN! ONTHMH3AIMI — MAKCHMAIBHOE JIOKAIBHOE YIUIOTHEHHE U IPOIUIABICHHUE TOITy-
YEHHBIX KOMIIO3ULIMI C OTCYTCTBHEM Ae(eKTOB M paspyLICHUH OT BO3/ICHCTBUS IOTOKOB KOMIIPECCHOHHOM IUIa3MBl. [ J1aBHBIH 2¢)-
(eKT TpH BO3AEHCTBHY M3TydeHHsS KOMIIPECCHOHHOTO IUIa3MEHHOTO IOTOKA Ha paHee ChOPMHUPOBAHHBIE TTOKPBHITHS — TEIUIOBOM.
OH crocoOCTBYET HarpeBy HMPUIIOBEPXHOCTHOTO cios. [Ipm NeHCTBHM HA MOKPBHITUS M3IYYEHHS KOMIIPECCHOHHBIX IIa3MEHHBIX
MOTOKOB CO3JaeTCs MEePETUIaBICHHBII CIOH OKCHIOB TOJIIMHON mopsaka 12—15 MM, CriaXuBaroliui penbed chopMUpoBaHHON
HOBEPXHOCTH ¥ CO3JAIOLINI Ha TOBEPXHOCTH CETKY TPEILHMH, PACXOISIIIXCS B MIyOHHY MOKphITHS. [Iporcxopsime B paciuiaBicH-
HOH (ha3e TIPUNOBEPXHOCTHEIX CJIOEB KUKO(a3HbIEe IPOLECCH TI0CIe BO3IEHCTBUS U3IydeHNsI KOMIIPECCHOHHON TUIA3MBI M3MEHS-
10T CTPYKTYpY CJIOEB M CIIOCOOCTBYIOT MOIM(UKALIMY NX MEXaHUYECKUX CBOMCTB. biaronapst CriiakMBaHHIO IOBEPXHOCTH, YBEIU-
YEHHUIO IUIOTHOCTH NMOBEPXHOCTHOTO 3aKPHCTAJUIN30BAHHOTO CJIOSI M MUHMMH3ALMN MaKpoAe(heKTOB — IOp WM MaKpOTPELIUH —
TIOBBIIIAIOTCS MEXaHHIECKHE XapaKTEPUCTUKH OKPHITHIA.

KnroueBble cJj10Ba: I1a3MeHHAs TOPENKa, TEXHOJIOTHUECKUE PEKHUMBI, POIIECC ONTHMH3AINN, KOG OHUIIMEHT HCHIOIb30BAHUS
TIOPOIIIKA, U3ITydIeHNE IIa3MEHHBIX KOMIIPECCHOHHBIX ITOTOKOB, MOANGHKAIMS HPUIIOBEPXHOCTHBIX CJIOEB, SKCITyaTalloH-
HBIE ITapaMeTPhI

Jas nuTupoBanusi: MHOTOCTOHHBIE KOMITO3UIIMOHHEIE TUIa3MEHHBIE TIOKPHITHS Ha OCHOBE OKCHUIHOW KEpaMHUKU M M-KpoJeit /
©. . Ianreneenko [u ap.] // Hayka u mexuuxa. 2022. T. 21, Ne 2. C. 93-98. https://doi.org/10.21122/2227-1031-2022-21-2-93-98

Introduction

The design of new ceramic composites is based
on the need to further improve the properties of
plasma coatings for operation under high-tempe-
rature operation and under conditions of intense
wear [1-5]. The process of plasma spraying is one of
the most widespread methods of deposition of coa-
tings from ceramics and especially oxide ceramic
materials in production [6-9]. This method of crea-
ting coatings is universal, since using one apparatus
in the appropriate modes, various materials can
be applied to surfaces and a number of restora-
tive and hardening technologies can be implemented.
It makes it possible to manufacture a wide range of
parts with minimal costs for technological equip-
ment [10]. The effectiveness of protection against
failure of mechanisms at high energy loads is limited
by the impact resistance of the materials used.
Spacecraft protection is based on the use of high-
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strength materials with minimal density, high visco-
plasticity and hardness [1, 3]. The effectiveness
of protection is characterized by the ability to absorb
kinetic energy, determined by the impact resistance
of the materials used. Sufficient ductility and strength
characteristics are important elements for extending
service life. An increase in hardness indicators corre-
sponds to a decrease in viscosity and plasticity indi-
cators, which causes brittle fracture processes.
The formed gradient plasma coatings with a ceramic
outer layer and a metal substrate are characterized by
high impact strength. One of the most frequent de-
fects in the plasma deposition of oxide ceramics is
the flaking of the created coatings [11]. It is associa-
ted with a large difference between the values of the
thermal expansion coefficients of the oxide layer and
the substrate metal. Metal sublayers serve for possi-
ble smoothing of the values of the temperature coef-
ficients of linear expansion [12—17]. When choosing
substrate materials, it is also necessary to ensure
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a high level of adhesive strength at the inter-
face [17-21]. The main functional task of the sub-
layer in the created plasma coatings is the maximum
plastic relaxation of the stress index, which is created
during an incompatible change in the volumes of
metal and ceramics in the case of heating and cooling
of the created coating. The operational ductility of
alloys decreases due to a complex of high-tempe-
rature oxidation processes, since the ceramic layer is
gas-permeable; therefore, the sublayer materials must
have high thermal resistance [20]. Accordingly,
the binder sublayer must solve two main problems:

1) maintain the required level of plasticity in
the operating range of operating temperatures;

2) maintain its heat resistance. It is difficult to
solve these problems comprehensively.

The optimization of the phase and chemical
composition of the alloy obtained is required.
Therefore, the main goal of the ongoing research
is to optimize the technological characteristics of the
plasma process for the deposition of multilayer
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structures on substrates that reproduce products used
for protection against high-temperature damage.

Optimization of technological characteristics
of the process of deposition
of multilayer gradient coatings

When implementing plasma spraying, a num-
ber of factors affect the properties of the coatings
being formed. The main ones are: the consumption
of the plasma-forming and carrier gas of the powder
material, the consumption of the sprayed materials,
the current and voltage of the electric arc of the plas-
ma torch, the distance from the plasma torch nozzle
exit to the base, and the speed of the substrate. As an
example (Fig. 1) the results of the optimization of the
process of plasma formation of layers based on oxide
ceramics (zirconium dioxide stabilized with yttrium
oxide) with intermediate metal layers (nickel-
chromium and nickel M-Croll), which under the
specified sputtering conditions are characterized by
the corresponding coefficients of the use of the pow-
der material, are presented (KIP, %).
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Fig. 1. Dependencies KIP of the technological characteristics of the spraying process:

a — deposition distance L, mm, for powders ZrO,—Y,05 (1 — with a fraction of 50—-63 microns; 2 — fraction of 63—80 microns;

3 — with a fraction of 80-100 microns; /= 500 A; Ry= 45 /min; R, = 4.5 kg/h);
b — flow rate of the plasma-forming gas N, for ZrO,—Y,0; powders (M-Croll sublayer) (1 — with a fraction of 40—63 microns;
2 — with a fraction of 63—80 microns; L = 100 mm; /= 500 A; R, = 4.5 kg/h); ¢ — strength electric arc current /, A,
for ZrO,—Y,0; powders (nichrome sublayer) (1 — with the flow rate of plasma-forming gas N, Ry= 55 I/min;
2 —with Ry= 50 I/min; L = 100 mm; R, = 4.5 kg/h, with a fraction of 4063 microns); d — strength electric arc current /, A,
for powders ZrO,—Y,0; (M-Croll sublayer) (1 — with the flow rate of the plasma-forming gas N, Ry= 55 1/min;

2 —with Ry= 50 I/min; L = 100 mm; R, = 4.5 kg/h, with a fraction of 4063 microns)
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In the case of small sputtering distances, the
particle does not have time to heat up and reaches
the substrate at a temperature <ty In our case, an
increase in the KIP to values L = 100 mm for pow-
der material ZrO,—Y,0; with a fraction of 40—-63 um
and to values of L = 110 mm with a fraction
of 63-80 pm with a further increase in the dis-
tance, the particle melts, being in the jet for a long
time, and is sprayed when hitting the substrate.
This causes the KIP to fall [15]. When the electric
arc current and plasma gas flow rates increase to
certain values (Fig. 1b—d), a corresponding correla-
tion of the instrumentation occurs, since these cha-
racteristics affect the degree of penetration of the
powder material [11-14]. With their further in-
crease, overheating and splashing occurs when
it hits the substrate; therefore, KIP decreases.
As the N, flow rate increases, the current maxi-
mum KIP values decrease.

The morphology of the coating surface,
changed by the flows of compression plasma

Under the action of compression plasma flows
on multilayer gradient coatings formed on substra-
tes and consisting of a solid layer of the oxide pha-
se ZrO»-Y,0; and viscous sublayers (Ni-Cr—Al-Y;
Ni—Cr), the surface layer changes. Analysis of the
obtained microstructures and mechanical proper-
ties made it possible to construct schemes for the
effect of compression plasma on these coatings.
The main defining effect of the compression plas-
ma flow on the formed surface of the coatings is
thermal, which promotes overheating of the layer
near the surface. Heating by a flow of compression
plasma ZrO,—Y,0; ensures its melting, despite the
high melting temperatures of the material 2715, the
resulting melt is heated above the melting tempera-
ture. High characteristics of the temperature gra-
dient (~105 K/m) in the molten layer of the formed
coating, accompanied by the mechanical effect of
plasma flows on the surface of the resulting melt,
pressure in the shock-compressed layer and the
development of hydrodynamic effects create insta-
bility at the boundaries of intermediate phases
during mixing of the molten layer and promote
homogenization at its elemental composition.
According to the equilibrium diagram of bina-
ry systems of elements Zr—O, zirconium oxide
Zr0,-Y,0; creates a wide range of homo geneity
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(from the oxygen concentration of about 40 %
atomic fractions). Therefore, plasma coatings
based on zirconium oxide ZrO,-Y,O; are more
preferable due to the possibility of maintaining the
oxide modification of the surface layer after expo-
sure to a compressive flow of compression plasma
and even after repeated exposure, which, as men-
tioned above, creates a change in the ratio of metal
and oxygen atoms. In addition, with partial evapo-
ration of melt atoms and hydrodynamic stirring
of the melt layer, the concentration of atoms in
technological impurities, which are always present
in the obtained coatings, decreases. The surface of
coatings based on metal oxides is characterized by
increased roughness, combining sintering of indi-
vidual powder particles when creating a coating
(Fig. 2). After the action of the compressive com-
pressive plasma flow, the composition of the melt
is hydrodynamically mixed, and this, due to the
forces of surface tension, leads to the leveling of
the surface after the crystallization process (Fig. 2).
High values of cooling rates in melts due to inten-
sive heat removal to the unmelted part of the sam-
ples leads to rapid crystallization; as a result, high
mechanical stresses are created in the crystallized
solid phase, which causes the formation of surface
cracks.

As a rule, the quantitative values of cracks,
their location in space and average dimensions do
not depend on the coating being treated. For the
practical use of multilayer plasma coatings, coa-
tings with a viscous layer based on Ni—-Cr—Y-Al,
including elements of a single-layer solid oxide
(yttrium), are optimal and a support element (alu-
minum). The diffusion bonding of the intermediate
layer with the outer oxide layer and the substrate
can increase the adhesion parameters and exclude
delamination of individual layers under external
influences. Changes in structures in the near-
surface layer of the created coatings after exposure
to radiation of compression plasma flows lead to a
change in their mechanical properties. The effect
of surface leveling, an increase in the density of the
crystallized layer. the absence of macrodefects,
such as pores and macrocracks, makes it possible
to increase the mechanical properties of the formed
surfaces, as evidenced by a decrease in the coeffi-
cient of friction.
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Fig. 2. SEM-image of the surface of the formed coatings before and after the compression plasma flow:
a; b —using a NiCr sublayer and an upper ZrO,—Y,0; layer; ¢, d — using the NiCrAlY sublayer and the upper ZrO,—Y,0; layer;
a, ¢ — after the deposition process; b, d — after the treatment with a compression plasma flow (x1000 increase)

The presence of surface cracks in the treated
layer adversely affects the change in the coefficient
of friction and leads to its increase. They can be a
source for creating internal stresses, which lead to
the destruction of the resulting coatings and an in-
crease in their abrasive wear. At the same time,
coatings based on zirconium oxide ZrO,-Y,O;,
with a formed hardened layer based on zirconium
nitride ZrN, have a reduced coefficient of friction
after exposure to compressive compression plasma
currents.

CONCLUSIONS

1. The design and creation of new systems of
multilayer plasma coatings based on new powder
materials or integrated technologies is necessary
for the further advancement of technologies using
plasma in modern conditions due to an increase in
dynamic loads, an increase in operating tempera-
tures, price and environmental requirements for
technological equipment. The technologies consi-
dered in the article for the formation of metal-
oxide coatings using plasma spraying in air and
subsequent modification using compression plas-
ma flows are precisely designed to solve these
problems. As a result of the research carried out,

[ Hayka
urexHuKka. T. 21, Ne 2 (2022)

the optimization of the modes of plasma spraying
of multilayer oxide layers was carried out, their
properties, morphology and microstructure of the
created surfaces were determined, and the layers
after exposure to compressive compressive plasma
flows were investigated. In the process of plasma
spraying, the properties of the formed coatings are
influenced by a number of parameters that have
been optimized.

2. The most important of them are: the con-
sumption of plasma-forming and transporting
gases, the consumption of the sprayed material,
the current and voltage of the plasma torch electric
arc, the distance from the outlet of the plasma torch
nozzle to the substrate, the velocity of the substrate
relative to the plasma torch. The results of the
study of the morphology, structures and composi-
tions of the created coatings, using a scanning elec-
tron microscope, are presented. The analysis of the
structures created for the coatings made it possible
to assess the regularities of their formation under
the influence of a compressive compressive plasma
flow. It is shown that the resulting effects from
compression flows on the created multilayer metal-
ceramic coatings are modified in the near-surface
layer to a depth of 15-20 microns, its melting
and crystallization occurs, leading to an increase
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in

density. The occurring liquid-phase processes

accompanying the melting of layers at the surface
change the morphological properties of the formed
surface due to a decrease in the quantitative values

of

roughness. This changes the mechanical and

tribological characteristics of the formed coatings,
leading to a decrease in friction coefficients and an
increase in wear resistance parameters.

10.
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MOHHUTOPHHI MOJIOMOK Pe310B HCIIOJTHUTEJIHHOI0 OPraHa ropHOro KoMoaiHa
10 MapaMeTpaM MeXaHU4YeCKHX KoJIeOaHu

Yacte 2. MeToaMKa co31aHus CHCTeMbl MOOHMJIbHOTO MOHHTOPHHIA IOJOMOK pe3l0B
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Pedepar. Coznanue cucreMsl MOOMIBHOTO MOHUTOPHHTA JUIS IMATHOCTUKH TEXHHYECKOTO COCTOSIHUS OOBEKTOB TOpPHOH
TEXHHKH TI0 TTapaMeTpaM MEXaHHYECKUX KOJIeOaHHH SBISIETCS OJHUM M3 CaMbIX HAYKOEMKHX HalpaBieHHH. B cratee mpuse-
JICHBI PEe3yJIbTAThl U3Y4YEHHs] BO3MOKHOCTH BBIIEICHHSI BO3HUKAIONIMX IIPH ITOJIOMKAX PE3IOB Ha PEXYIIUX AUCKAX JABYXIIO-
TOYHBIX [IPUBOIOB UCIIOTHUTENFHOTO OpTaHa TOPHOTO KOMOaifHa MEXaHWIECKHUX KoJieOaHUH pyKosTel ¢ COOCTBEHHOH 9acTo-
Toii =5 I', koTopas ¢ GoJblIel NI MEHbIIEH aMIUTUTYJ0H IPUCYTCTBYET MPAKTUYECKU BO BCEX 3aPETHCTPUPOBAHHBIX CIIEK-
Tpax. [loaTOMy €e MOXKHO HCHOJIB30BaTh Ul ONEPATHBHOIO MOOMIBHOTO MOHUTOPUHIA MOJIOMOK PE3L0B UCIIOIHUTENbHBIX
OpraHoB TOPHBIX KOMOaHHOB. AHaNN3 KoJeOaHUH MOATBEPANI, YTO OHM NEPENaroTCsl MPAKTUUECKH Ha BCE HEBpAIAIOIIUECs
qacTu KoMOaifHa, r7ie MOTYT OBITh 3apETHCTPUPOBAHBI, UYTO TTO3BOJISET UCTIOIB30BATH UX UL MOOMIIBHOTO aBTOMaTH3HUPOBaH-
HOTO MOHHMTOPHHIa MOJIOMOK Pe3L0B Ha pexymux auckax. Ha npumepe xombaiina «YHnusepcasn-600» yCTaHOBJICHO, YTO
Hanbosee yJOOHBIM ITPU PErUCTPALMY STHX KOJIeOaHU ¢ HO3UIUY OTCYTCTBUSI HEOOXOIUMOCTH BBEICHUS B M3MEPUTEIIbHBIN
TPaKT MOIyJs Iepeladd CUTHaja C BPAINAIONIMXCs dacTeil komOaliHa MOXKHO CUMTAaTh pa3MelleHHe AaTdhKa BHOparuu
Ha KOpITyCce BXOJHOI'0 PeyKTOpa IPHBO/a UCIIOIHUTEIEHOTO OpraHa ¢ OpHEHTAlMeH ero B HallpaBJICHUH JBHKEHHsT KOMOaii-
Ha, T1e KojebaHus 4acToToi 5 'l SIBISIFOTCS MPEBAJMPYIOLIMMH U MX JOCTaTOYHO IPOCTO BBIJCIUTH W3 HU3KOYACTOTHOTO
JMaIa3oHa C MCIHOJIb30BAaHHEM CTAaHJaPTU3MPOBAHHBIX HU3KOYACTOTHBIX TPETHOKTABHBIX (GMiIbTpoB. [IpemnoskeHa MeToquka
CO3aHHsI CHCTEMbBI aBTOMaTH3MPOBAHHOTO MOOHMIBHOI'O MOHUTOPHHTA MOJOMOK PE3LOB IO MapaMeTpaM MEXaHWYeCKHX KO-
neGaHuil PEXKYIHUX TUCKOB C COOCTBEHHO 4acTOTOM.

KuroueBble cj10Ba: TOpHBIA KOMOalH, BUOpanus, MOOMIBHBII MOHUTOPUHT, COOCTBEHHBIE KOIEOAHNs, IOJIOMKA
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MeTpaM MEXaHWYeCKuX kosebanuit. Yacts 2: MeToauKa CO3/1aHusl CUCTEMbI MOOMIIBHOIO MOHHUTOPHHTA MOJIOMOK PE3I0B 10
napameTpaM MEXaHHYeCKUX KoJieOaHuil peaykropa ¢ cooctBenHoi yactotoi / B. K. llener, A. C. Pomanosuy, 1. A. Konor-
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Breakage Monitoring of Executive Body Cutters
in Continuous Miner According to Mechanical Vibration Parameters

Part 2. Methodology for Creating a System for Mobile Monitoring of Cutter Breakages
According to the Parameters of Mechanical Vibrations of the Gearbox with Natural Frequency
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DBelarusian National Technical University (Minsk, Republic of Belarus),
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Abstract. The development of research in the field of creating a mobile monitoring system for diagnosing the technical condi-
tion of mining equipment in terms of mechanical vibration parameters is one of the most science-intensive areas. The paper
presents the results of investigations on the possibility of isolating the mechanical vibrations of the handles with a natural
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frequency of =5 Hz, which occur with a greater or lesser amplitude in almost all registered spectra, arising from breakages
of cutters on the cutting discs of double-flow drives of the executive body of a mining machine. Therefore, it can be used for
operational mobile monitoring of breakages in the cutters of the executive bodies of mining machines. An analysis of vibra-
tions has confirmed the fact that they are transmitted to almost all non-rotating parts of the combine, where they can be regis-
tered, which allows them to be used for mobile automated monitoring of cutter breakages on cutting discs. On the example of
the combine “Universal-600” it has been found that the most convenient when registering these vibrations from the standpoint
of the absence of the need to introduce a signal transmission module from the rotating parts of the combine into the measuring
path can be considered the placement of a vibration sensor on the body of the input gearbox of the executive body drive with
its orientation in the direction combine movements, where oscillations with a frequency of 5 Hz are prevalent and it is quite
simple to isolate them from the low-frequency range using standardized low-frequency one-third octave filters. The paper
proposes a technique for creating a system for automated mobile monitoring of cutter breakages based on the parameters of
mechanical vibrations of cutting discs with natural frequency.

Keywords: mining machine, vibration, mobile monitoring, natural vibrations, breakage
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BBenenue

MOHHUTOPUHT TEXHUYECKOTO COCTOSHUS 00BEK-
TOB II0 IIapaMeTpaM MEXaHMUYECKUX KOJIeOaHUi, B
TOM YHCJIe COOCTBEHHBIX, MOKHO OTHECTH K OJTHO-
My M3 CaMbIX HayKOEMKHX HaIlpaBJCHUI AMarHo-
CTHKH. J[0CTaTO4YHO AABHO W HIMPOKO OH HCIIOIb-
3yeTcs BO MHOTHX cepax, BKIOUYasi TAKylO OTBET-
CTBEHHYIO, Kak aBuactpoenue [1-11]. 3tot Merox
B MIOJTHOH Mepe MOXKET OBITh OTHECEH K Hepaspy-
HralonmM  crocodam KoHTpois, 3(dekTuBHOCTD
KOTOPOro OO0YCIJIOBJICHA, IIPEXIE BCET0, BBICOKOII
MH(QOPMATHUBHOCTHIO, HAJTMYUEM MIHPOKOH HOMEH-
KJIaTypbl CEpUITHO BBIMYCKAEMBIX U IIOCTOSIHHO
COBEpIIICHCTBYIOIIUXCS CPEJCTB MOHHUTOPHUHTA, a
TaKkk€ BEChbMa pa3BUTOM METOAMYECKOW 0a3oH,
BKJIIOYasi HOPMAaTHBHYIO JOKyMeHTauuo. BMmecte ¢
TEM HCIOJIb30BaHHE METOJ0B MOHHUTOPHHIA, OCHO-
BaHHBIX Ha KOMITBIOTCPU3MPOBAHHON 00paboTKe
napamMeTpoB KoJIeOaHUH ATl OLEHKH TEXHUYECKO-
IO COCTOSIHUS PEXYIIUX MHCTPYMEHTOB B TOPHBIX
KombaliHaX, OYeHb orpaHu4eHo. [IpuunHa 3Toro —
HaJM4ue LEJIOro KOMIUIEKca Mpo0seM, Ipexie
BCETo 00YyCIOBIEHHBIX:

— HJIMYHEM B MPUBOJIHBIX CHCTEMaX PEXYyIINX
OpraHoB TOPHOTO KOoMOaifHa JOCTaTOYHO CIIOXK-
HBIX, COJCPKALINXCS B PEAYKTOPAX LETIOYEK Hapa-
3UTHBIX IIECTEPEH, KoJeOaHUsI KOTOPBIX mHpolie-
MaTHYHO BBIICIUTH M3 MApaMeTpoB BUOpauuw,
perucTpupyemMoil Ha KopIrycax 3THX PelyKTOpOB;

— BBICOKUM YPOBHEM arpeCCHBHOCTH CPEIbl U
TpeOOoBaHMI K B3pHIBOOE30IIACHOCTH.

[TosTOMY pa3BuTHE HCCIEAOBaHUN B 00JacTH
CO3/IaHHUSA CUCTEMBl MOOWJIBHOIO MOHUTOPHHIA
TEXHUYECKOTO COCTOSIHUS OOBEKTOB TOPHOM TeX-
HUKH TI0 TapaMeTpaM MeXaHH4YeCKHX KoJieOaHUit
B OCHOBHOM OCYIIECTBIISIETCSI B HAIpPaBJICHUU CO-
3/1aHUS COOCTBEHHO CPEICTB MOHUTOPHHTA.
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Iens uccrnemoBanuii — pa3pabOTKa METOIUYIC-
CKUX MOJXOJIOB K CO3AaHUIO CHCTEMBI MOOUIIBHOTO
MOHHTOPHHTA TIOJIOMOK PE3IOB PEXYIINX IHUCKOB
ropuoro komoOaitHa «YHuBepcan-600» mo mapa-
MCTpaM BO3HUKAIOMIUX HPHU 3TOM MECXAHUYCCKHUX
KosiebaHuii C COOCTBEHHON YacTOTON pyKosATei
JIBYXIIOTOYHOTO PENYKTOpa TMpPHBOJA HCIOIHH-
TENBHOTO OpTaHa.

MeTtoauka co3gaHus
CHCTEMBbI MOOMJIHLHOTO MOHUTOPUHIA
MOJIOMOK pPe3l0B

C ydeToMm xapakTepa U3MEHEHHsI TTyOWHBI pe-
3aHUS] M3MEHEHHE KBa3UCTATUUECKOW Harpy3ku Ha
pe3elr OT ero BXoJa J0 BBIXOJIa M3 IMOPOIBI MOXKET
OBITH ONMMCAHO PAacYEeTHON 3aBUCHUMOCTHIO, B Tpa-
(huueckoM BHJIC UMEIOMICH BU, OJU3KUI K TIOJIO-
BUHE CHUHYyCOW[BI (pHc. la). YuuThIBas oJHOBpe-
MEHHOEe B3auMmopeiicteue ¢ mnopomoit 30-40 %
PAaCTOJIOXKEHHBIX Ha PEXYIeM IHUCKE PEe3loB, CO-
3maBaeMasi UM pacdeTHash CyMMapHas KBa3WCTaTH-
Yyeckas Harpys3ka Ha TpUBOJ OJIM3Ka K IMOCTOSH-
Ho#1 (puc. 1b, muans 1). OxHako npu mosoMKe pesna
BO3HMKAET OTHOCHUTEIBHO HEOOJNBLIOE OTKJIOHEHHE
OT TOCTOSIHHOHM Harpy>keHHoctu (puc. 1b, muHus 2)
u, 6oyee TOoro, OJIM3KOE K UMITYJIbCHOMY Harpy»xe-
HUE Ha PEXYIIUIA TUCK U Ha CBSI3aHHYIO C HUM JIO-
CTaTOYHO YIPYTO MOJATINBYIO PYKOATH PEAYKTOPa
MPUBOJA BPALICHUS PEXYIIMX IHCKOB, CO37aBac-
MO€ TIPH BXOJI¢ B TIOPOJIY CIEIYIOIIEro 3a IMOJo-
MaHHBIM pe3la. B pesympraTe 3TOr0 BO3HHKAIOT
MEXaHUYECKHE KOjeOaHUs 3TOH PyKOSITH C COO-
CTBEHHOH wacToToit (~5 I'm), kak OBUTO IMMOKa3aHO
B TEPBOH YaCTH CTAaTbH, KOTOPBIE MEpEeNaroTcs Ha
CBSI3aHHBIC C HEW OCTallbHBIC 3JEMEHTHI MPHUBOAA
HCTIOJIHUTENBLHOTO OpraHa.
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Puc. 1. I'padukn H3MEHEHNS OTHOCUTEIBHON HArpy>KeHHOCTH pe3lia OT €ro BX0/a JI0 BEIXO/A U3 TOPOALI () ¥ OTHOCHTEIILHOH
CyMMapHO# OKpY)KHOH Harpy»eHHOCTH pexyuiero aucka (b): 1 — npu oTCyTCTBUM IOJIOMOK PE3LI0B; 2 — IIPH ITOJIOMKE OJJHOTO pe3La

Fig. 1. Graphs of changes in the relative loading of the cutter from its entrance to the exit from the rock (a) and the relative
total circumferential loading of the cutting disc (b): 1 — in the absence of cutter breakage; 2 — when one cutter breaks

s OLEHKH BO3MOXHOCTU PETrUCTpalMid Me-
XaHWYECKUX KojeOaHWH Ha HEBPALIArOIIUXCS 4a-
CTSIX TOpHOTO KoMOaiiHa «YHuBepcan-600» ycra-
HaBiMBaNM gartyuku BuOpamm M/AC102-1A: Ha
KOpIIycax €ro peayKTOpoB — PEeayKTopa MPHBOAA
BpallleHUs] HCIIOJHUTENFHOTO OpraHa, BXOJHOTO
PEAYKTOpa, pENyKTOPOB IPHUBOAOB OEPMOBBIX
(dhpe3 m orOoiHOTO YycTpoiicTBa. McciemoBaHus
MPOBOAWIM B YCIOBHUSAX MPEANPUATHSI-U3TOTOBHU-
TeJNs U KCIUTyaTalllu.

Ha npennpusTuu-u3roToBUTENE HMITYJIECHOE
BO3/ICHCTBHE HA pe3ell OCYLIECTBIUIM IIPU Bparle-
HUH: TOJBKO PEXYLINX TUCKOB; TOJIBKO HCIIOJIHU-
TEJIBHBIX OPraHoOB; OJHOBPEMEHHO PEXYLIMX AWC-
KOB M MCIIOJHUTEJIBHBIX OPraHoB; IOOYEPEIHO,
a 3aTeM OJHOBPEMEHHO BCEX NMPHUBOIHBIX CHCTEM
OCTJIBHBIX PEXKYLIMX OpraHoB kKomOaiiHa. BuGpo-
YCKOpEHHUsI perucTpupoBanu B TeueHue 10-15 c.

B ycioBuAX sKCmTyaTaliy HCCIIEIOBaHUS IMPO-
BOJIWJIM CHavasIa MpH MOJHOKOMIUIEKTHOW YCTaHOBKE
PE3LOB Ha BHELIHEM U BHYTPEHHEM PEXYILHX IHC-
Kax, 3aTeéM II00YepPEeJHO Ha BHEIIHEM U BHYTPEHHEM
PEXYLIMX TUCKaX CHUMAM OIWH U3 pe3loB. B Teue-
Hue 30—40 ¢ B pealbHOM BPEMEHU PETUCTPUPOBATIU
nmapameTpsl Buopoyckopenuit. Ilocie storo omnpeme-
JISUTA CTIEKTPBI BUOPOYCKOPEHHMA, CTPOIITH OCIIHILIO-
rpaMMbl  KoJeOaHWH, BBIACTSUIA UX aMIUIUTY.BL,
OCYILIECTBIISISL UX aHAINU3 M 00pabOTKy C MPUBSI3KOH
K pealbHOMY BPEMEHH.

O06padoTka pe3yJIbTATOB

Pe3ynbTaTel nMccnenoOBaHUN B YCIOBUSAX MpEA-
MPUATHA-U3TOTOBUTENS MIPUBEIEHBI B Ta0m. 1 U Ha
puc. 2. Ix aHanu3 nokasai ciieyrolee:

Hayka
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— MEXaHWYecKue KojeOaHWs pyKoATel IBYX-
MIOTOYHOTO PEIyKTOpa MPUBOJAA BPALICHUS PEXKY-
OIUX JMCKOB HCIOJHUTEIBHOTO OpraHa ¢ co0-
CTBEHHOH 4acToTO# 5 I'11 ¢ OosbIeli uiau MeHbLIeH
aMIUTUTYI0W OBUTM 3aperMCTPUPOBAHBI MpaKTHUe-
CKM Ha BCEX KOpIycax pemyKTOpoB (MpHUBOIA
BpallleHUs] HCIIOJHUTENFHOTO OpraHa, BXOIHOTO,
O0epMOBBIX (ppe3 W OTOOWHOTO YCTpOIWCTBA) B pe-
XKUMe padoThl BCeX NMPHUBOJOB PEXYIIUX OPraHOB
TOPHOTO KOMOaiiHa, YTO TOATBEPAHUIO BO3MOXK-
HOCTb UX PETUCTpAIlM C €ro HEeBpaIlaloUINXcs
yacTeil mpU CO3aHUU CUCTEMbl MOHUTOPHUHTA IO-
JIOMOK pE3LI0B Ha PEXYIIUX JUCKaX HCIIOIHUTENb-
HOTO OpraHa;

— K HaumboJiee yIOOHBIM CIOCO0AM perucrpa-
UM MEXaHMYECKUX KOoNeOaHuU pyKosTed IBYXIO-
TOYHOTO pelyKTOpa MPHUBOJA BPAIIECHUS PEXKYLINX
IIUCKOB C cOOCTBEHHOU yacTtoTor 5 'l ¢ mo3ummii
OTCYTCTBHS HEOOXOJWMOCTH BBEACHUS B H3MEpH-
TEJIbHBIA TPakKT CHUCTEMBI IE€pelayd CHUTHaja C
BpaIaronmxcs gacreid koMOaiiHa MOXKHO OTHECTH
pasMeleHre JaTiuka BUOpaluu Ha YIOMSHYTOM
peAyKTope, T/ie perucTpupyeMble aMIUIUTYIbl KO-
naeGaHuil C 3TOW YacTOTOH SIBISIOTCS IMpeBaIHpPY-
touMu (puc. 2c, Taba. 1) ¥ CyIIeCTBEHHO BbIje-
JSIOTCS 10 YacTOTe OT ONMKAWIINX B HHU3KOYA-
CTOTHOM JHalia3oHe KoJeOaHWid, YTO MO3BOJSET
HCIIOJIb30BaTh COOTBETCTBYIOIIUE CTAHAAPTU3UPO-
BaHHBIE HH3KOYACTOTHBIE TPETHOKTABHBIE (HHIIb-
TPBl U OTHOCUTEIHFHO HEAOPOTHE KOMIBIOTEPU3H-
pOBaHHBIE CPENCTBA OOPAOOTKU MTUATHOCTUYIECKUX
JAHHBIX.
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S k

Puc. 2. Crextpsl BUOpaLHH, 3apErHCTPUPOBAHHBIC: HA KOPITYCe PEAYKTOPA IPHUBO/IA BPALICHHUS PEXKYIIHUX JUCKOB IPH BPALICHNH:
a — TOJIBKO PEXKYIIHUX AUCKOB; b — TONBKO HCIIONHATEILHOIO OPraHa; ¢ — PEXKYLINX AUCKOB U HCIIONHUTEIBHOTO OPraHa;
Ha KOpITyce PeayKTopa MPUBOJA BPALICHHS HCIOIHUTEIBHOTO OpraHa Py BpalieHUH: d — TOIBKO PEXYIIMX IHCKOB;
€ — TOJIBKO HCIIONHUTEIBLHOr0 Oprana; f — pexyIuux IMCKOB 1 HCIIOIHUTENBHOTO OpraHa; Ha peayKTope:
g — 6epMoBBIX (pe3 mpu ero padore; h — oTOOHHOTO yCTpoiicTBa MpH ero paboTe; Ha KOPITyCce BXOJHOTO peayKTopa npu pabore:
S — IPUBOJOB BCEX PEXKYIIUX OPraHOB; kK — TONBKO NPUBOJOB HCIIONHUTEIBHEIX OPTaHOB

Fig. 2. Vibration spectra recorded: on the gearbox housing of the rotation drive of the cutting discs during rotation:
a — when only cutting discs rotate; b — when only executive body rotates; ¢ — when cutting discs and executive body rotate;
on the gearbox housing of the rotation drive of the executive body during rotation: d — when only cutting discs rotate;
e — when only executive body rotates; f — when cutting discs and executive body rotate; on the gearbox:
g — berm cutters during its operation; h — fender during its operation; on the input gearbox housing during the operation:
s — drives of all cutting bodies; k — only drives of executive bodies
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Tabnuya 1

IIsiTh HanboJIee 3HAYMMBIX [0 AMIUIMTY/Ie YaCTOT, 3aPerHCTPHPOBAHHBIX BUOpOMeTpOM «AraTt-M»
TPH HCCIeI0BAHNHU KOJ1e0aHUIl 0CHOBHBIX KOMIIOHEHTOB FOPHOro KoMoaiina «YHuBepcaj-600»

Five most significant frequencies in terms of amplitude registered by the “Agat-M” vibrometer in the study
of vibrations of the main components of “Universal-600” mining machine

KommnonenT ropaoro xombaiiHa
3y0uaThlii peAyKTOp NIPUBOJA BPallleHUs1 PeKyLIUX AHCKOB. Bpamenne
Ammmaryna PI* (puc. 2a) HO** (puc. 2b) PJI u YO (puc. 2c)
10 3HasMMocTH YactoTa Yacrora YactoTa
MEXaHHUYECKUX BH6POYCKO%6_ MEXaHHYECKUX BH6POYCKO%6_ MEXaHHUYECKUX Bup °y°K°€e'
kosebanuii f, 'y Hue a, /e kosebanuii f, I'q Hue a, /e konebanuii f, I'q HHC a, M/C
1 200 0,015 200 0,017 5 0,0024
2 195 0,014 195 0,0115 150 0,0017
3 390 0,014 240 0,0021 145 0,0014
4 210 0,0134 235 0,0070 100 0,0014
5 215 0,0133 575 0,0069 200 0,0013
PeaykTop npuBoja BpaleHusi HCIOJTHUTEILHOr0 opraHa. Bpamenue
P (puc. 2d) O (puc. 2e) PI1 u V1O (puc. 2f)
1, T a, m/c? 1, T a, m/c? £, T a, m/c?
1 215 0,0140 605 0,0060 600 0,0317
2 205 0,0138 355 0,0055 595 0,0263
3 240 0,0135 300 0,0050 575 0,0258
4 245 0,0132 680 0,0050 490 0,0243
5 220 0,0125 705 0,0049 555 0,0236
PenykTop 6epMoBBIX pe3 (puc. 2g) OTt6oiinoe ycTpoiicTBo (puc. 2h)
£, T a, Mm/c’ £, T a, Mm/c’
1 320 0,0174 375 0,0339
2 225 0,0148 430 0,0314
3 490 0,0126 425 0,0294
4 325 0,0122 405 0,0286
5 240 0,0122 385 0,0282
Penyxrop BxoaHoii. PaGora npuBonoB
BCEX PEXYIIUX OpraHos (puc. 2s) HCTIOJHUTENBHBIX opraHoB (puc. 2k)
£, T a, w/c? £, T a, w/c?
1 330 0,0490 5 0,0514
2 320 0,0320 330 0,0494
3 245 0,0435 320 0,0410
4 225 0,0407 330 0,0404
5 330 0,0389 510 0,0319
PI - PEeXKyLIUH TUCK.
“HIO — HCTIONHHATEIbHBIN Opras.

[Tpu 06paboTKe JaHHBIX OCHIIIJIOTPAMM BHO-
poyckopenuii (puc. 3), 3aperHCTPUPOBAHHBIX B
YCJIOBUSX IKCIIIyaTalluy PeXYIIUX OPraHOB rop-
HOro KoMOaifHa, ompenemnsin cpeaHee 3HAUCHHE
aMIUTHTY /I KoJiebanwmii ¢ yactoTor 5 ', ux cpen-
Hee KBaJpaTHUECKOe OTKIOHeHue S U Ko3pdu-
IUEHT Bapuauuu v. B ocummnorpammax kose-
0aHMii ¢ OTCYTCTBYIOLIMM pPE3LIOM BBIIACISIN H
AHATM3UPOBAIH AMIUTUTYJHBIC 3HAYEHUS, BBIXO-
osamme 3a guana3on +3S, T. €. 00yClOBIEHHBIC

Hayka
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BO3POCIIMM BJIBO€ HMITYJIBCHBIM HarpyKEHUEM
PYKOSITH.

B mpouecce npoBepkd OAHOPOJHOCTH AUCHEP-
CHl, KOTOPYIO0 OCYILIECTBISUIM C HCIOJIb30BAHUEM
kputepusi Koxpena mpu 5%-i1 1oBepHUTENIHHON BEPO-
STHOCTH, Tioyamin 3HaueHne G = 0,4777 < 0,5466,
YTO MOATBEPAUIO UX OAHOPOIHOCTH U MO3BOJIMIIO
OLICHUTh CTATHCTUYECKYIO 3HAYMMOCTbH Pa3IHyus
CPEIHUX 3HAYECHHUH aMIUIMTYJ IIPU JOBEPUTEIBHOU
BepositHocTH 0,95.

103



Mamlmocmpoenue u MawiuHogeoeHue

$=0,00649 B, v=

a

14,3 %

~0,010 A 0,1 0,2

U \WW \]V

2 (U, =0,046 B, §=0,0097

1,1 ¢t ¢

,v=20,9 %)

Puc. 3. TunoBsle y4acTKH OCLIJUIOTPaMM MEXaHHYECKHUX KonebaHuii ¢ yactoroii 5 't mpu:
a — MOJTHOKOMIUIEKTHOM COCTaBE PE3I0B Ha PEXKYIIUX JUCKaX; b — OTCYTCTBHM OIHOTO pe3la
Ha Hapy>KHOM 1 ¥ BHYTpeHHEM 2 pexyIHX JUCKax

Fig. 3. Typical sections of oscillograms of mechanical vibrations with a frequency of 5 Hz at:
a — complete set of cutters on cutting discs; b — absence of one cutter
on outer 1 and inner 2 cutting discs

AHanmu3 MOJYYEHHBIX pPeE3ydbTaTOB IOKA3al
cleayrouiee:

— pa3auYus MEXIY CPEIHUMHU 3HAYEHUSAMH aM-
TUTMTY/T MEXaHUUYECKHUX KoneOanuii ¢ yactotoit 5 '
pyKosiTelt 3y0uaToro peayKTopa IBYXIIOTOYHOTO
MPUBOJIa BPAIICHUS PEXYIIMX JTUCKOB HCIOJHHU-
TEJIbHOTO OpraHa, 3aperucTPUPOBAHHBIX MpPHU IOJ-
HOKOMILUIEKTHOM COCTaB€ pE3I0B Ha PEeXYIIHNX
JIUCKaxX U OTCYTCTBUM OJIHOT'O pe3lla Ha OJHOM M3
HHMX, CTATHCTUYECKHU HE3HAUYMMBI. DTO HE IT03BOJIS-
€T KCIIOJIb30BaTh CPEIHUE 3HAYEHUS! aMILTUTY/ JaH-
HBIX KOJICOAHMI I MOHUTOPHHTA TTOJIOMOK PE3IIOB,

104

YTO XOpPOIIO KOPPENUPYET C PE3yJbTaTaMH paHee
IIPOBEICHHBIX TEOPETHUECKUX UCCIIEIOBAHUI;

— TP OTCYTCTBHM pPe3lla OJHA M3 AMIUIUTYH
MEXaHWYEeCKUX Kolebanuii ¢ wacrtoroi 5 [, 3ape-
THCTPUPOBaHHAs 32 OOOPOT PEXYIIEero JucKa,
MIPEBBIIIAET YTPOEHHOE CpefHee KBaIpaTHYECKOe
OTKJIOHEHHE aMIUIUTY ]l KojebaHui ¢ yactoroi 5 [,
YTO TMO3BOJISIET HCIONB30BaTh 3TOT (aKTOp JUIS
CBOEBPEMEHHOIO BBISBICHHS IIOJIOMOK pE3LOB U
CO3JJaHMsI CUCTEMBl MOOHMIBHOTO aBTOMAaTHU3UPO-
BAHHOI'0 MOHUTOPHUHIA MOJOMOK pPE3LI0B HA PEKY-
LIMX JUCKaX TOPHOTO KoMOaliHa.
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C ydeTroMm pe3yJbTaToB UCCIEAOBAaHUI B OCHO-
BY METOJMUYECKUX MOJXO0M0B K CO3/ITaHUIO CUCTEMBI
MOOMJIPHOTO aBTOMAaTH3UPOBAHHOTO MOHUTOPHHTA
MOJIOMOK PE3II0B PEXYIIETro TUCKa TOPHOTO KOM-
OaitHa «YHuBepcan-600» 1Mo mapaMeTrpaM BO3HHU-
KaloIUX MpH 3TOM MEXaHWYECKHX KoJIeOaHHH C
coOcTBeHHON 4"acToToil 5 [l pykosTel AByXmO-
TOYHOTO peryKTopa MPHUBOJA BPAIICHUS PEXYIINX
JTUCKOB HWCIIOJHUTEIBHOIO OpraHa MOXET OBITh
OTMEYEHO CIIEAYIOIIEe:

— CpencTBa MOHHUTOPHHIA JOJKHBI 0Oecreyu-
BaTh PETHCTPANNI0 KOJNEOaHW B TPETHOKTaBHOM
Jhana3oHe cOo CpeInHHOW yactoToil 5 I'u, yacro-
TOW NWUCKPETH3AallMd PETUCTPUPYEMOTO CHTHaja
He menee 50 T'm u o0BEeMOM perucTpupyemoi
B BuAc ¢aiija IUArHOCTUICCKOW HWH(MOPMAINH
3a 10—12 060pOTOB PEXYIIETO AUCKA;

— cpencTBa 00pabOTKH  3aperuCTPHUPOBAHHBIX
JAHHBIX JIOJDKHBI 00ECTIEUUTh BBIJEICHUE aMIUIU-
Ty Konebanuii ¢ yacrtoroit 5 ['m, pacuer ux cpen-
HEro 3Ha4YeHHUs M CPeIHEero KBaJpaTH4eCcKOro OT-
KIIOHEHUSI U OTpeJeNieHHe OTKIOHEHHS BBIJCIICH-
HBIX aMIUIMTYA BUOPOYCKOPEHHH OT CpeaHero
3Ha4YeHHs C OIMOBEIIEHHEM OTepaTopa O MOJIOMKaxX
PE3IOB NPH BETUYHHE ITOTO OTKIOHEHUs Ooiee
TpeX KBaJpaTU4YE€CKUX OTKIOHEHHI.

BBIBOJ]

B pesynbrate aHamusa pe3yibTaTOB HCCIENO-
BaHMIl YCTaHOBJICHO, YTO MEXaHWUYECKHe Kojeba-
HUS pyKOSITEH ABYXIIOTOYHOTO PeLyKTOpa MpUBOJA
UCTIOJIHUTEIBHOTO OpraHa ¢ COOCTBEHHOH 4YacTo-
To# 5 I'l mepenaroTes MpakTUYECKU HA BCE KOPILY-
ca HEBpALIAIOIINXCS PEAYKTOPOB MPHUBOAA M MO-
ryT OBITH BBIAETICHBI IIPU BCEX peXKMMax UX pado-
TBI, 9TO TIOATBEPKAAET BO3MOKHOCTh PETHCTPALIAN
9TUX KoJeOaHM! NPU MOHUTOPHHIE IIOJIOMOK pe3-
IIOB Ha PEXYIIUX JUCKaX UCTIOJIHUTEIHHOTO Opra-
Ha. Bmecre ¢ TemM ux perucrpauus HauOoiee
ynoOHa Ha 3y0uaTOM JABYXIIOTOYHOM pEAyKTOpe
MIPUBOJA MCTIOJHUTENBHOTO OpPIaHa, I/le perucTpu-
pyeMble aMILUTUTY/IbI KOJIEOaHUH C ITOH 4acTOTOU
ABIIIIOTCS MIPEBATUPYIONIMMHU U CYIIECTBEHHO BBI-
JIENIAIOTCA 110 9acTOTe OT ONMDKalIMX B HU3KOYa-
CTOTHOM JMama3oHe KOJIeOaHUM, YTO IO3BOJISIET
UCIOJIb30BaTh COOTBETCTBYIOIIME CTaHIAPTU30-
BaHHbIC HU3KOYACTOTHBIC TPETHOKTABHBIC (HIIb-
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TPHl U OTHOCUTEIHHO HEIOPOTHE KOMITHIOTEPHU3H-
POBaHHBIE CPEACTBA 00PA0OTKU TUATHOCTUYCCKUX
JMaHHBIX. [Ipy 3TOM MOTYT OBITh IPUMEHEHBI CPE/I-
CTBa MOHUTOPHHIra, OOCCIICUMBAIOIINE PETUCTPa-
U0 KOoJeOaHW B TPETHOKTABHOM JHAIla30HE CO
CpeIMHHOM yacToTol 5 I'll, 4acTOTON NUCKpeTu3a-
MU perucTpupyemoro curHama He meHee 50 I'm
U 00BEMOM PETHCTPUPYEMOH B Buie ¢aiina auar-
HocTHYeckor uH(popMmaruu 3a 10—12 oGoporor
PeXYIIero TUCKa, a TaKXe CpelcTBa 00pabOTKH
3apETUCTPUPOBAHHBIX JAHHBIX, MTO3BOJISIONINE BhI-
JICNIUTh aMIUTHTYABI KoieOaHuii ¢ yactotoi 5 I'm,
BBITIOJIHATH PacueT UX CPEIHEro 3HAUEHUS U Cpel-
HETO KBaJpaTHIECKOTO OTKIOHEHHsS U OMpPEeNUTh
OTKJIOHCHHUS BBIACIICHHBIX aMIUIUTYT BHOPOYCKO-
peHU OT MX CPETHETO 3HAYCHUS C OMOBEIICHHEM
oreparopa o MOJIOMKaxX Pe3I[0B MPH BEIHYUHE dTO-
ro OTKJIOHEHHSA Oojiee TpeX KBAAPaTUUECKUX OT-
KJIOHCHUM.
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HccaenoBanue NpOYHOCTHBIX XaPAKTEPUCTUK U3ACJTHH,
MoJIy4eHHbIX MeT0A0M 3D-nneuyaru u3 PLA
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Pegepar. B coBpeMEHHOM MaIIMHOCTPOEHHUH, HApsSAy CO CHWKEHHEM METaUNIOEMKOCTH KOHCTPYKLMMH, IVIaBHOM 3amaueit
SBJIACTCS TOBBIIICHUE HAAEKHOCTU M JOJITOBEYHOCTH IETajeH, y3JI0B MEXaHW3MOB. JTa MpobieMa HHKOTAA HE yTPauuBacT
CBOCH aKTyalbHOCTH B CBSI3M C IOCTOSHHO BO3PacTAIOMUMHK TPEOOBAHUSAMH K M3TOTOBJICHUIO M3IEIHH, C HEOOXOIHUMOCTHIO
HKOHOMHH JE(QUINTHBIX JOPOTOCTOSAIINX METAaVIOB M CIUIABOB U, KaK CIIEJCTBHUE, 3aMEHBI NX Ha 3KOHOMHYECKH 0Oojee BbI-
ropuble BapuaHThl. OJIMH M3 CaMBIX MEPCIIEKTUBHBIX, C TOYKH 3PEHHsS JKOJIOTHH, CIIOCOOOB 3aMEHBI METAJLUIOB — HCIIONB30-
BaHKME B KOHCTPYKIIMSX Y3JIOB IUIACTUKOB, B YaCTHOCTH MOJUMOJI0uHO# KicaoThl (PLA). PLA — ato GropasnaraeMelii TepMO-
TUIACTHK, puMeHsiemMblil B 3D-neyat. B cTathe mpeAcTaBiIeHbl Pe3ybTaThl SKCIEPHUMEHTAIBHOTO UCCIIEI0BAHNS Ha Pa3phiB
00pasoB, noay4yeHHbIX MeTonoM 3D-neuatn u3 PLA mpu pa3snuyHbBIX TEXHONOTHYECKUX peXuMax padboTsl 3D-mpunTepa.
B xauecTBe BapbUpyEeMBIX ITapaMETPOB OBUIH BHIOpaHBI: (hopMa 3aroTHEHHS 00pa3uoB (TPEeyrojJbHUK, IECTUTPAHHUK (COTHI),
JuHus, pedpo), Temneparypa comia (190-205 °C), kosddunuenT 3anonHenns odpasua (ot 10 no 40 %). McnbiTanus odpas-
LIOB HA Pa3pbIB MPOBOAMIN Ha THAPABINYECKON Pa3phHIBHONM MAIIMHE C U3MEPUTEIBHBIM IIPOTPAMMHBIM KOMIIIEKCOM B KOM-
mwiekte Kason WDW-5. Tlpu BbINOJIHEHUN UCTIBITAHUH OCHOBHBIM BBIXOJIHBIM MTOKA3aTeNIEeM CUMTANIU YCIOBHBIM Mpenen TeKy-
4eCTH. AHAJIN3 SKCIICPHIMEHTAIBHBIX JAHHBIX IT0KA3aJl CYIIECTBEHHOE BINSHHC H3yJaeMbIX TEXHOJIOTHUYECKUX ITapaMeTpoB Ha
YCIIOBHBIH IIpeiell TeKy4eCTH, KOTOpHIii n3Mensuicst ot 16,50 mo 22,42 MIla. B nporecce ncciaenoBanuii onpeesieHsl Hanoo-
Jiee pauroHaNbHbIe (OPMBI M K0A(HUIMEHT 3an0IHeHUs 00pa3LoB, a TAKXKe TeMIlepaTypa coruia npu nedata PLA.

KuroueBble cioBa: 3D-neuats, PLA, TexHOMOTHYECKHE PEKUMBI, MEXaHHUECKHIE XapaKTEPHCTUKH, YCIOBHBINA MpeIes TeKy-
gecTH, HopMa 3aloTHEHH, KO3(PPHUINUCHT 3aI0IHEHNS, TEMIIEpaTypa MedaT

Jas uuTupoBanus: VccnenoBaHue MPOYHOCTHBIX XapaKTEPUCTUK HM3IENUH, MONydeHHBIX MeTonoM 3D-meuatn u3 PLA /
B. A. EpmaxoBa [u ap.] / Hayka u mexnuxa. 2022. T. 21, Ne 2. C. 107-113. https://doi.org/10.21122/2227-1031-2022-
21-2-107-113

Study of Strength Characteristics of Products Produced
by 3D-Printing from PLA
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Abstract. In modern mechanical engineering, along with reducing the metal consumption of structures, the main task is
to increase the reliability and durability of parts, assemblies of mechanisms. This problem never loses its relevance due
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to the ever-increasing requirements for manufacture of products, with the need to save scarce expensive metals and alloys and,
as a result, replace them with economically more profitable options. One of the most promising, from the point of view of ecology,
ways to replace metals, is to use in the construction of plastic assemblies, in particular polylactic acid (PLA). PLA is a biodeg-
radable thermoplastic used in 3D-printing. The paper presents results of an experimental study on the rupture of samples obtained
by 3D-printing from PLA under various technological operating modes of 3D-printer. The following parameters have
been chosen as variable parameters: the form of filling samples (triangle, hexagon (honeycomb), line, edge), nozzle tempera-
ture (190205 °C), sample filling factor (from 10 up to 40 %). Tensile testing of the samples have been carried out on a hydraulic
tensile machine with a measuring software package in the Kason WDW-5 set. When performing tests, the conditional yield strength
was considered the main out put indicator. The analysis of experimental data has shown a significant effect of the investigated tech-
nological parameters on the conventional yield point, which varied from 16.5 to 22.42 MPa. The most rational forms and sample
filling factor, as well as the temperature of nozzle when printing with PLA, have been determined.

Keywords: 3D-printing, PLA, technological modes, mechanical characteristics, conditional yield stress, filling form, filling
factor, printing temperature

For citation: Ermakova V. A., Gasperovich E. V., Ermakov A. 1., Litvyak V. V. (2022) Study of Strength Characteristics
of Products Produced by 3D-Printing from PLA. Science and Technique. 21 (2), 107-113. https://doi.org/10.21122/2227-

1031-2022-21-2-107-113 (in Russian)

BBenenune

OcHOBHas 3amada COBPEMEHHOI'O MAIlUHO-
CTpPOEHMSI — IMOBBIIICHHE HAJEKHOCTH U JIOJITO-
BEYHOCTH JETaledl W y3JI0B MEXaHH3MOB Hapsay
CO CHIKCHMEM METAJNIOEMKOCTH KOHCTPYKIIHH.
AKTyaJIbHOCTH TPOOJIEMBI MOCTOSHHO BO3pacTaeT
B CBSI3U C MOBBIIEHHEM TpeOOBaHUIl K U3TOTOBIIE-
HUIO U3JETNi, He0OOXO0IUMOCTBIO SKOHOMUH Aedu-
IUTHBIX JOPOTOCTOSIIIMX METAIJIOB U CIUIaBOB H,
KaK CJIeJICTBHE, 3aMEHBl UX Ha DKOHOMUYECKU 00-
Jee BbITOAHBIE BapuaHThl [1, 2]. OgHum u3 nep-
CHEKTUBHBIX, C TOYKH 3PEHHS IKOJIOTHH, CIIOCO-
00B 3aMEHBI METAJJIOB SABISETCS HCIIOJIb30BaHUE
B KOHCTPYKIHAX Y3JIOB IUIACTHKOB, B YaCTHOCTH
noymmMosiounor kucinotel (PLA) [3, 4]. PLA —
OumopasnaraeMblii TEPMOIUIACTHK, NPUMEHIEMBII
B 3D-neuaru [5].

OpnHako, HECMOTPS Ha LIMPOKOE PACIPOCTpa-
HeHue 3D-nevaT 11acTHKOM, B OTKPBITOM IedaTu
HEIOCTAaTOYHO IOJTHO MNpEeACTaBIIEHbl AaHHBIE 00
UCCIICJIOBAHUAX MEXAHWYECKUX XapaKTEpUCTHUK
W3rOTaBIMBAEMBIX W3EIHH, O BIUSHUM KOMILIECK-
ca PeXKUMHBIX ITapaMeTpoB IeYaTH Ha 3TH Xapak-
TEpUCTUKHU. B CBs3M ¢ 4eM HEBO3MOXKHO CIIpO-
THO3WPOBATh (PU3NUYECKHE CBOWCTBA KOHEUHOM
npoaykuuu [6—10]. Iloatomy sKcnepuMeHTalb-
HBIE€ UCCIIEZIOBAHUS BIMSAHUSA PEKUMHBIX MapameT-
poB 3D-nedaTu MIACTUKOM Ha MEXaHHYECKHE Xa-
PaKTEpUCTUKN W3JENINN aKTyaJlbHbl W TIPEACTaB-
JISAIOT HAY4HBIN U pakTHueckuil uarepec [11].

MarepuaJjibl U METOABI HCCIEAOBAHUI

B xone 3KCIepHMEHTOB HCIIOJIB30BaIM 00IINe
METO/IbI HAYYHOTO NTO3HAHUS:

1) TeopeTndeckue — aHaiaM3 U CHHTE3 HHDOp-
Maly Mo TeME MCCIEeIOBaHMs;, METOAbl MaTeMa-
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THYECKOTO MOJCTUPOBAHUS NPH aHAIN3E PEe3yJib-
TaTOB KCIICPUMEHTA;

2) sMIHMpUYecKHe — IJIAHHPOBAHHE JKCIEPU-
MeHTa; 3D-MozxenupoBaHue 00pa3loB U UX H3rO-
ToBNeHre Ha 3D-mpuHTepe ¢ moxaep:kaHHeM Tpe-
OyeMBIX TEXHOJOTMYECKHX TMapaMeTpoB; Ipo-
BEJICHUE HCIBITAHUI MOMYYEHHBIX 00pa3loB Ha
Pa3phIBHON MaIlIHE.

Ha ocHoBe aHann3a JnUTEpaTypHBIX HCTOYHHU-
KOB TI0 TeMme uccienoBanus [1-3, 6—11] BeiaeneHb!
OCHOBHBIE (DAKTOPBI, BIUSIOLINE HA MEXaHUUECKHUE
XapaKTePUCTUKU HM3AEIMH, M3rOTaBIMBAEMBIX Me-
togoM 3D-mewatn: ¢dopma 3amoimHEHUS U KOI(-
(GUIMEHT 3amoJHEeHUs o0pa3loB, TeMIlepaTypa
corua. Ha mepBom sTane m3ydanu BiusiHHE GOp-
MBI 3allOJHEHHsI OOpa3loB HAa MX MEXaHHUYECKHE
XapakTepucTuku. B kadecTtBe (opM 3amonHeHHs
BEIOpaHBI TPEYTOJIBHUK, HIECTUTPAHHUK (COTHI),
auHuS, pedpo. PopMbI BapbUPOBaHHUS ONPENCISIN
Ha OCHOBE H3Y4YCHHS BO3MOXKHBIX BapUaHTOB IIe-
gatu 3D-nipunTepa Flashforge Guider IIs. Ocramns-
HbIE IIapaMeTpbl Ne4aTH Ha IIEPBOM 3Tale MOJ-
Jep>KUBAHCH TTOCTOSIHHBIMU M UMEJIH CIIETyFOIIUE
3HaueHus: Temreparypa comia 205 °C, koappunu-
eHT 3anoiHeHus obOpasua 20 %, Temmeparypa
HarpeBaTenbHOro cronuka 55 °C, CKOpOCTh meya-
™ 60 MM/c.

3D-mozenupoBanue 0Opa3LOB MPOBOIWIN B
mporpamme SolidWorks. Pasmepsr o6pasma ykasa-
HBI Ha puc. 1 (Tonmuaa oOpasna 4 Mm).

3D-momenu 00pa3ioB oOpabarhiBaii B MPO-
rpamme-ciaiicepe FlashPrint, mo3Bosstromeii 3anath
TpeOyemble MapamMeTpbl H3roToBIeHUs. Mozaenu
co3JaHMsl 00pasLOoB C pa3IUYHBIMH (OpPMaMHU 3a-
nojHeHust B mporpamme FlashPrint mpencrasie-
HBI Ha pUC. 2.
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CooTHoOIIEHHE BPEMEHHU IeYaTH K KOJIUYIECTBY OOpa3mps! g NPOBEACHHUS HCCICAOBAHUM n3-
3aTpayrBaeMoro Ha oOpaslbl IUIACTHKA HA IIEPBOM rOTaBIMBAIM B Tpex 3k3emmripax. Ha puc. 3 mo-
3Tafne 3KCIEepPUMEHTANbHBIX HCCIIEAOBAaHUHN TNpea- KazaH mporecc mneyatd oOpasnoB Ha 3D-mpunTe-
CTaBJICHO B Ta0OI. 1. pe Flashforge Guider Ils.
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Fig. 1. Tensile test sample sketch
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Puc. 2. Moaenu co3zianust 00pasioB ¢ pasIMYHbIMU (HOPMAMHU 3aMOJTHEHHUS: a — IECTUTPAHHUKAMH (COTaMn);
b — JIMHUAMY; ¢ — TpeyToJIbHUKaMu; d — eyaThio JIMHHMIT Ha pedpe

Fig. 2. Models for creating samples with various filling forms: a — hexagon (honeycomb);
b — lines; ¢ — triangles; d — printing of lines on edge

Tabauya 1

CooTHOLIEHHE BPeMEHHU MeYaTH K KOJIHYeCTBY 3aTPAYHBAEMOro Ha 00pa3ubl IIACTHKA
Ratio of printing time to amount of plastic spent on samples

C noanoxKoun be3 noayoxku
dopma 3anoHeHHs obpasua
Bpems nevaru, mun | Pacxopn mnactuka, M | Bpemst newatu, mun | Pacxox mactuka, M
TpeyroapHUK 41,00 3,89 29 2,37
IecturpanHuk (cOThI) 41,00 3,84 29 2,32
Jluaus 39,00 3,82 28 2,30
Pebpo 1,16 4,89 39 2,71
[ | HayK 109
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Puc. 3. Tlponecc nevaru obpa3uos Ha 3D-npunTepe Flashforge Guider Ils:
a — C MIeCTUTPAaHHUKAMHK; b — ¢ TMHUSAMH Ha pedpe

Fig. 3. Process of printing samples on 3D printer Flashforge Guider IIs:
a — with hexagon; b — with lines on edge

AHanu3 pe3ynbTaTOB HCCIEIOBAaHUN MEPBOTO
JTama JKCIEPUMEHTOB IO3BOJWI  OMPEICITUTH
HauOoJIee PalMOHATBLHYIO (POPMY 3aroJIHEHUsT 00-
Pa3loB C TOYKHU 3PEHUS MX MPOYHOCTH HA Pa3phIB,
BpPEMEHH TeYaTH U pacxojia MaTepuaa.

Ha BTOpOM 3Tame m3ydaiw BIMSIHHE TeMIIEpa-
Typel comia (190; 195; 200; 205 °C) u xo3ddu-
nueHTa 3anoiaHenus oopasuos (10; 20; 30; 40 %)
Ha UX MEXaHWYecKHe XapakTepucTuku. OcTampHbIC
mapaMeTphsl TIeYaTd Ha BTOPOM D3Tarle ITOAICPIKH-
BaJIMCh MOCTOSHHBIMU: (hopMa 3amoTHEHUs 00pas-
1la — HICECTUTPAHHHK, TEMIIEpaTypa HarpeBaTeb-
Horo cromuka 55 °C, ckopocts medatn 60 Mwm/c.
WHTepBanm BapbHpPOBaHUSA TeMIIEPaTypbl  OBLI
00yCJIOBIIEH PEKOMCHIAITUSAMU  MPOU3BOIUTEIIS
Bestfilament ans manHoro Buma miactuka. Koad-
(bUIUEeHT 3armoHeHUsT 00pasia TakKe CYIICCTBCH-
HO BJIVSIET Ha MPOYHOCTH m3nenuil. Ho meyars 00-
pasioB ¢ kodd¢unuentom 3anonHerns 50 % u
OoJee BeACT K 3HAUYUTEIHLHOMY YBEIMUYEHHUIO CTO-
UMOCTH ¥ BPEMEHU UX M3TOTOBJICHUS.

Jisi usroToBiieHHss oOpa3lloB Ha BCEX 3Tamax
IKCTIEPUMEHTAIILHBIX HMCCIIEOBAHUN HCIIOJIB30BAIN
(unament s 3D-nevaru Bestfilament, maTepuan —
PLA, nuametp ¢unamenta 1,75 MM, uBeT Oemnblii.

HcnpiTanust 00pas3ioB Ha pa3pbiB MPOBOIMIN
Ha THJPaBIMYECKOW pa3pbhIBHOM MAalIUMHE C HU3Me-
PUTENBHBIM TMPOTPAMMHBIM KOMIUIEKCOM B KOM-
wiekre Kason WDW-5, rne oOpasupl moaBepra-
JIUCHh PACTATUBAIONINM YCHIUSAM JI0 pa3pyIICHIsL.

[IpouHocTh 00PA3IOB MPH PACTHKEHUH OIPEIC-
nsmu cormacHo ['OCT 1126280 [12]. Ilepen ucmbl-
TaHUSAMH 3aMePsUTH MUPUHY U TOJIIHHY 00pa3IoB
B paboueli 4acTu B TpeXx MecTaX (C TOYHOCTHIO
o 0,01 MM) ¥ BBIYUCIISUIH TUIOMIAH MTOMIEPEYHOTO
CEYeHHWs: B pacyeT NPUHUMAIN HaWMEHbIIee ee
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sHaueHue. [lepen ucnbiTaHusAMU Ha 00pasiisl (0e3
UX MOBPEXKACHNUS ) HAHOCHIIN HEOOXOIUMBIE METKH,
OTpaHMYHUBAIONINE MX 0a3y M HOJOKEHHE KPOMOK
3axBaroB. OOpasIbl 3aKPETUIA B 38)KUMax HCITHI-
TaTeNbHOM MaIIMHBl IO METKaM, ONpPEeIeISIOINUM
MOJIOXKEHUE KPOMOK 3aKMMOB, TaKHUM o00pas3oM,
9TOOBI MPOJIOJIBHBIE OCH 3a)KUMOB M OCh 00pasma
COBIAJIAIA MEXAY COOOH M ¢ HalpaBJICHUEM J(BU-
KEHUS MMOJBMXKHOTO 3aKUMa. 3a)KUMBI 3aTATHBAIH
pPaBHOMEPHO, YTOOBI HE OBUIO MPOCKAIb3bIBAHUS
o0pasiia B IpoIecce UCTBITAHUS, HO MPH STOM HE
MPOMCXOJMIIO €r0 pa3pyLICHUEe B MECTE 3aKperuie-
Hus. 3areM o0pasibl HarpyXajid BO3PacTaroLIeH
Harpy3Koi, CKOpOCTb Pa3[IBIDKEHHS 3aKUMOB CO-
CTaBWIa 5 MM/MHUH TIPU ONPEACICHUN MPOYHOCTH
1 OTHOCHTEJIHOTO OCTaTOYHOro y/UIMHEeHus.. B mo-
MEHT pa3pylieHus GUKCUpoBanu ycuiaue. lcobl-
TaHWs TPOBONWIM Tipu Temreparype (23 +2) °C.
BrixonHble XapaKTepUCTUKU ONpPEAEUIN 10 Ipa-
¢uKy «Harpyska — yjuimHeHue» [12]; npu ucmsita-
HUSIX OCHOBHBIM IIOKa3aTeleM OblUl YCIIOBHBIH
npeen TEKYYECTH Gpyy.

Pe3yabTaTthl ncciaenoBanmni
M UX 00CyKIeHue

Ha mepBom 3Tane sKCeprUMEHTaIbHBIX HCCIe-
JNOBaHMH IIpH IIPOBEACHUM HCIBITAHWSA Ha pas-
pBIB 00pa3mpl, HarmeyaTaHHble Ha pedpe, MOKa-
3aJM CaMblii BBICOKMH pE3yJbTaT, YTO OTPAXKEHO
B Tabm. 2.

OpHako mpu nedaTH Ha pedpe IuracThKa ObLIO
3arpadeHo Ha 15-20 % Oonbmie, a BpeMs Ieda-
TH yBenumumiock Ha 25-30 % TO CpaBHEHUIO
C OCTalbHBEIMHU (opMamu 3amojiHeHus (Tadm. 1).
Haumensiiee 3HaueHHEe yCIOBHOTO Mpejena TeKy-
YEeCTH OKa3aJoch y o0pas3inoB ¢ (opMOH 3amoiHe-

[ Hayka
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HUS JIMHUA 20,y = 16,50 Mlla, T. e. npumeHeHue
JTAaHHOM (hOPMEBI 3aIOTHCHUS TPH TeYaTH WU3ICTHi
HEKeJaTebHO.

Tabnuya 3
Pe3yabTaThl BTOPOro sTana
JIKCIEePUMEHTAIbHBIX HCCIeI0BAHU

Results of the second stage

Tabauya 2 of experimental research
IIpoyHOCTHBIC XaPAKTEPHUCTUKH HCCIeyeMbIX 00pa3LoB
MpPHU UCHILITAHUU HA Pa3pbIB T Cpemsiee 3HaYCHHE Gy, MTTa,
Strength characteristics of studied samples eMHepaT%pa pu K03 PUIUEHTE 3aI0IHEHHs, Yo
in tensile test coma, 10 20 30 40
Ob6pa3zen VCi1oBHBIHM 190 16,77 18,41 18,99 20,14
npenen Cpennee 195 18,64 19,28 19,37 19,91
®opma 3amonnenus | Ne /m ZCKY‘I;E_TI: 3HAYECHUE XOpry 200 18,10 19,15 | 19,58 | 20,02
| ‘“ly; 75 205 17,42 | 18,38 | 20,83 | 21,41
TpeyronpHUK 2 18,50 18,42
3 19,00 20,5
1 19,00 2 ‘
= 0,0
[lecturpanuuk 2 17,75 18,25 2 l‘:“ : 19,5<8 20,02
3 18,00 g> 195 19,15
" +
1 16,75 = E 190
a0 —
TTumus 2 17,50 16,50 =2 18.5 / y= 0,02619)6 + 17,665 |
3 1525 sz ™ R*=0,9444
> ; =4 18.0 * 18,1
1 24,00 ’
17,5
Petpo 2 19,25 22,42 5 10 15 20 25 30 35 40 45
3 24,00 Kosddunument 3anonnenus obpasua, %

s obpasmoB ¢ Qopmoil 3amoaHEHHUS Tpe-
YTOJIBHUK W IIECTUTPAHHUK IMOKA3aTeld 10 CPej-
HEMY 3HAYEHHIO YCIOBHOTO TIpejesia TEeKy4eCTH
OKa3aJINCh CXOKUMHU — OTKJIOHEHHE HE TpEeBbIIIa-
10 1,5 %. Ilpu »TOM BpeMs me4yaTH U KOJIUYECTBO
3aTpadeHHoro TacTuka (Tabm. 1) Takxke oguHaKO-
BBI. TakuM oOpa3oMm, W3 aHaNIM3a JAaHHBIX Taom. 1
M 2 MOXHO CcJIeNlaTh BBIBOJ, YTO HanOoJjee paruo-
HAJIBHBIMH (DOpMaMU 3amoJHEHHsT OOpa3IoB IMPU
3D-mevaty, ¢ TOYKU 3pEHHS UX TPOYHOCTH Ha pas-
PBIB, BpEMEHU I€YaTH U pacxoia Marepuaia, siB-
JISIOTCS TPEYTOJIbHUK M IECTUTPAHHUK.

PesynpraTel BTOpOTO 3Tama SKCIIEPHMEHTANb-
HBIX UCCIIEIOBAaHNI TIPEICTaBICHBI B Ta0MI. 3.

I'paduyeckue 3aBUCHMOCTH U3MEHEHUSI yCIIOB-
HOTO TIpeAesia TeKydecTd oT Koddduuumenra 3a-
rmoyHeHUsT o0Opas3a M TeMIepaTyphl COIUIa Tpe-
CTaBJICHBI Ha puC. 4, 5.

W3 puc. 4 BUAHO, YTO C pOCTOM KO3 HLIMEHTA
3amoNHeHus1 o0paslia YCJIOBHBIA Tpenen TeKyde-
CTH Gpy YBEIMYUBAETCS, NPUYEM JIMHEHHO: mpu
pocte koaddumnmenta 3amonnenus Ha 30 % (c 10
no 40 %) o,y yBemuuuBaerca Ha 9,6 %, wam
Ha 1,92 MIla. B To e BpeMsi 3aBUCUMOCTb Gy OT
TeMIrepaTyphl comia (puc. 5) MMeEeT SBHO BBIpa-
JKEHHBIN SKCTPEMYM, YTO MOXKET OBITH 00yCIIOBIIe-
HO YXYAIICHUEM aJre3WH IMPH BBIXOJAE 3a Ipejie-
JIbl ONTUMANbHBIX HapaMeTpoB nevyatu [13-16].

Hayka
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Puc. 4. 3aBucUMOCTb U3MEHEHHS YCIOBHOTO Mpeaesna
TEKYYECTHU Gy OT KO3 PULIMEHTA 3aT10/IHEHUS 00pa3ia
IIpH MOCTOSIHHOM Temrieparype coruia 200 °C

Fig. 4. Dependence of conditional yield strength o,,, change
on sample filling factor at constant nozzle
temperature of 200 °C
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Puc. 5. 3aBucUMOCTb U3MEHEHHS YCIOBHOTO Mpeaesna
TEKYYECTH Gpyy OT TEMIIEPATYPBI COILIA IIPH MOCTOSHHOM
koddduirente 3anonHeHus obpasua 20 %

Fig. 5. Dependence of conditional yield strength o, change
on nozzle temperature at constant
sample filling factor of 20 %

MuHNManpHble 3HAYEHHUS] YCIOBHOTO Mpenelna
TEKy4YeCcTH HaOJIIOAAIOTCS MPHU TeMIIepaTypax CoIl-
ma 190 u 205 °C, a MakCUMyM JOCTHIaeTcs B WH-

0
tepBaie 195-200 °C. BapsupoBanue TeMnepaTypbl
COIlJIa MO3BOJISET YBEJINYUTH IPOYHOCTHBIE Xapak-
TepUCTUKU oOpasia Ha 5 %.
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BbIBO/IbI

1. CornmacHo aHanM3y AKCHEPUMEHTAIBHBIX
JAHHBIX 00pa3IoB, MOMyYEeHHBIX MeTojoM 3D-te-
yatu u3 PLA:

e (hopma 3amoHEHUS 00pa3IOB CYIIECTBEHHO
BIMSET HAa WX MEXaHHYECKHE XapaKTEPUCTHKH:
YCIIOBHBIA TpeAen TEKyYecTH MOXKET H3MEHSTHCS
OT MMHHMMAJIBHOIO (Gpry = 16,50 MIla, dopma 3a-
MOJTHEHUS — JIMHUSA) A0 MakcuMaibHoro 22,42 Mlla
(medatp Ha pebpe);

e HapOoJiee parMoHaTFHEIMU (HOpPMaMHE 3aIT0JI-
HeHHs1 00pa3noB npu 3D-mevaTt, ¢ TOYKH 3peHHs
UX MPOYHOCTU HA Pa3pbiB, BPEMEHH MEYaTH U pac-
X0Jla Marepuala, SBIIOTCA TPEYTONbHUK W IIe-
CTHTPaHHUK;

o BiMsiHNE KOA((UIMEHTa 3ar0HEHHs 00pas-
OB B mpeaenax BapbupoBaHus 1040 % Ha
YCJIOBHBIM MpeAes TEKy4YyeCTH HOCHUT JIMHEHUHBII
XapakTep, TPH 3TOM C POCTOM KodddumumerTa
sanonnenuss ¢ 10 no 40 % o, yBenmMuuBaeTCA
Ha 9,6 %, unu Ha 1,92 Mlla;

® 3aBHCHUMOCTbH YCJIIOBHOTO TIpefiefia TeKy4eCTH
OT H3MEHEHHUs TeMIIepaTyphl COIUIa B Mpenenax
temmeparyp 190-205 °C umeeT SIBHO BBIPaKEHHBIH
9KCTPEMYM, IOCTHTAONINI MaKCUMyMa B HWHTEp-
Base 195-200 °C, 3HayeHHE YCIOBHOTO Mpejena
TEeKy4eCTH B JaHHOM Jauamna3oHe Ha 5 % Oounb-
me, 4eM B KpaHWX TOYKax WHTEpBajia BapbH-
pOBaHUSI.

2. Ilony4eHHble B mpolecce HCHBITAHWH OaH-
HBIE MOTYT OBITh MCIOJB30BAHBI IS yTITyOJICHUS
Y KOPPEKTHPOBKHU CYIIECTBYIOIINX TEOPETUIECKUX
MoJeNel, OMUCHIBAIOIIMX mpouecchl 3D-mevatw,
a TaKKe B MPOMBIIIICHHOCTH NPU IMPOEKTHUPO-
BaHUU M3JIETIUMN, MPOU3BOAUMBIX MeToJI0M 3D-me-
gatu u3 PLA.
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Ouenka 3¢ GeKTUBHOCTH 3Heprocoeperaouieil CHCTeMbI
OPraHU30BaHHOW NPHUTOYHO-BBITHAKHOH BEHTHJISILIUA

AJI MHOTI'03Ta’KHbIX 3H3Hﬂﬁ C HUBKHM YPOBHEM TEIJIOBOM 3allUThbI
Maructpsi B. A. 3adaraes”, C. B. Jlankosuu),

KAaHAMIAThl TeXH. HaYK, AoueHTsl T. U. KoponéBal), A. M. HusikoBcknii"

Yonomkuii rocynapcrennbiii yausepeutet (Hosomononx, Pecrry6nuka Benapycs)

© benopycckuil HaIMOHATIBHBIA TEXHUYECKUH yHUBEpCUTeET, 2022
Belarusian National Technical University, 2022

Pedepar. C ucnonpzoBaHneM pa3pabOTaHHOIO aBTOPAaMH METOJa TEXHHKO-3KOHOMHUYECKOIO PAacyeTa YCTAHOBOK C TEILIO-
OOMEHHBIMH anIapaTaMl PEKyNepaTUBHOIO THIA HCCIEIOBAHBI PEKUMBI HKCIUTyaTallMd HEHTPAIM30BAHHOM HMPUTOYHO-
BBITSDKHOM CHCTEMBI OPraHM30BaHHOI BEHTWISILIMH, B KOTOPOH IMOZOTPEB NPHUTOYHOrO BO3/yXa OCYLIECTBISETCS 3a CYET
TEIJIOTHI COJTHEYHOTO M3JIY4YEHHs U TeIUIOTHI YAAISEMOro U3 MoMelleHui Bo3ayxa. IIpencraBieHsl pe3yabTaThl OLEHKH Tell-
JIOBOH ¥ SKOHOMHUYECKOH (P PEeKTHBHOCTH TaKOH CHCTEMBI BEHTWISIIUK JUIi MHOTOITaXHBIX 3[aHUH. BrInoiHeHO cpaBHEeHHE
Pacxo/10B TEILIOBOM YHEPIHU HA HYXK/IbI OTOIUICHHS M BEHTHIIIIUY 32 CUET IPUMEHEHHS IIpelaraéMoi CHCTEMbI BeHTHIISIIIN
JUISL IBYX BAapHaHTOB 3JIaHUH — C YPOBHEM TEIUIOBOM 3aIIUTHI OrPa)JAlOIIMX KOHCTPYKIWH, OTBEYAIONIMM COBPEMEHHBIM
HOPMATHBHEIM TPeGOBAHHSM (3MaHNs ¢ TerumonorpebaerreM 10 130 kBT /(M Tox)), U TS aHATOTHYHOTO 110 MTAHHPOBOY-
HOIl CTPYKType 3/aHHs, HO C OrpaJAalOLIMMM KOHCTPYKLHMSMH, YPOBCHb YTCIUICHHS KOTOPBIX COOTBETCTBYET 3IaHHSIM
nocpoiiki 10 1993 r. (3manus ¢ Termonorpebierrem 10 260 kBT /(M Tox)). OnpeaeneHs! TeMIIepaTypHbIe YCIOBHS, IPH
KOTOPBIX BO3HHKAeT HEOOXOJUMOCTb BKIIIOYEHHS B pabOTy YCTPOHCTB IOMOIHUTEIBHOTO (ITMKOBOT0) HO0IPEBa IPHUTOYHOTO
BO3/yXa, KOT/J[a TEIUIOBOM MOTEHIMA COJHEYHOTO M3JTyYeHUs M BTOPUYHBIX DHEPreTHYECKHX PECypCOB HEIOCTATOYEH JUIs
obecriedeHus pacyeTHOH TeMIepaTypsl NMPUTOYHOrO Bo3ayxa. s paccMaTpuBaeMoil CHCTEMBI BEHTWISLMH YCTaHOBJIEHO
HaJIM4YMe BIIMSHUS TEPMHYECKHX COIPOTHBICHHH OTrpaKAAIOIIMX KOHCTPYKIMH 3[aHUs Ha IOKa3aTeIn TePMOAMHAMHYECKON
U DKOHOMHYECKOH 2 PeKTHBHOCTH IpesyiaraeMoro pemenus. OnpeeneHbl KIIMMAaTHYeCKUe YCIOBUS, TIPH KOTOPBIX yTHIIHU-
3anus TEIUIOTHl YAAISEMOr0 BO3[AyXa B CHCTEME BCHTHIIALMHM TEXHWYECKH OIpaBlaHa M SKOHOMHYECKH IIerecooOpasHa.
Pe3ynpTaThl BEIOIHEHHBIX HCCIENOBAHUN MOTYT OBITH HCIIONB30BAHBI IPH ONpPENEIeHHN MyTell TEeIUIOBOW MOAEPHH3AINH
3JIaHUH C TPaJUIHUOHHBIMH CHCTEMaMH OTOILUICHHS ¥ BEHTHIISIHUN.

KiroueBble ci10Ba: BO3MyXONPHEMHBIH IIEIEBON KaHAJ, COMHIECIIPUEMHAs TaHeNb, TEIUIOBOM MOTOK, U3y4YeHHE, KOHBEKIHUS,
BEHTWISALIUS, SHEprocoepexeHne

Jns uutupoBanus: OueHka 3¢ GekTUBHOCTH dHEprocOeperarolieil CuCTeMbl OPraHM30BAHHONW TPUTOYHO-BBITSDKHOM BEHTH-
TSI TSI MHOTOATAXKHBIX 3IaHUH C HU3KUM YPOBHEM TeIutoBoi 3ammutel / B. A. 3adaraes [u np.] / Hayka u mexuuka. 2022.
T. 21, Ne 2. C. 114-128. https://doi.org/10.21122/2227-1031-2022-21-2-114-128

Effectiveness Assessment of Energy-Saving System
of Organized Supply and Exhaust Ventilation for Multi-Storey Buildings
with Low Level Thermal Protection

V. A. Zafatayeul), S. V. Lankovich”, T. I. Karaliova”, A. M. Niyakovskiil)
YPolotsk State University (Novopolotsk, Republic of Belarus)

Abstract. By usage of the technical and economic calculation method developed by the authors for installations with recupe-
rative-type heat exchangers, the operational modes of the centralized supply and exhaust system of organized ventilation,
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in which the supplying air is heated by the solar radiation heat and the heat of the air removed from the premises, have been
investigated in the paper. The paper presents results of the thermal and economic efficiency assessment of such ventilation
system for multi-storey buildings. A comparison of the thermal energy consumption for the needs of heating and ventilation
through the use of the proposed ventilation system has been made for two variants of buildings — with the thermal protec-
tion level of enclosing structures that meets modern regulatory requirements (buildings with heat consumption up
to 130 kW-h/(m*year)), and for a building similar in terms of planning structure, but with enclosing structures, the insulation
level of which corresponds to buildings built before 1993 (buildings with heat consumption up to 260 kW-h/(m*year)).
The temperature conditions have been determined under which it becomes necessary to turn on the operation of devices
for additional (peak) heating of the supply air, when the thermal potential of solar radiation and secondary energy resources
is insufficient to provide the calculated temperature of the supply air. For the ventilation system under consideration, it has been
established that the thermal resistance of the building envelope influences the indicators of the thermodynamic and economic effi-
ciency of the proposed solution. The climatic conditions under which the utilization of the exhaust air heat in the proposed ventilation
system is technically justified and economically expedient have been determined. The results of the research performed can be used
for determination of the thermal modernization ways of buildings with traditional heating and ventilation systems.

Keywords: air-intake slot-hole channel, solar panel, heat flow, radiation, convection, ventilation, energy saving

For citation: Zafatayeu V. A., Lankovich S. V., Karaliova T. I., Niyakovskii A. M. (2022) Effectiveness Assessment
of Energy-Saving System of Organized Supply and Exhaust Ventilation for Multi-Storey Buildings with Low Level Thermal
Protection. Science and Technique. 21 (2), 114-128. https://doi.org/10.21122/2227-1031-2022-21-2-114-128 (in Russian)
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[MoBbimenne 3()(HEKTUBHOCTH HCIIOIB30BAHUS
NEPBUYHBIX HHEPIreTUYECKUX DPECYPCOB — BasKHas
3a/a4a A8 MHPOBOM SKOHOMHUKHM, KOTOpas TaKXKe
aktyanbHa s Pecryonmuku Benapycs. CormacHo
CTaTHCTUYECKNM HaHHBIM [l], Hambojee »Hepro-
€MKUM B Halllell cTpaHe SBISIeTCS KWINIIHBIN CeK-
TOp, @ IOMHHHPYIOIIUM BHIOM TOIUIMBHO-3HEP-

Bas sHeprusa. Ha ee momo B KHUIIMIIHOM CEKTOpE
npuxoautcs okono 38 % koHewHoro morpeoie-
mus TOP [1].

Kunmmaeii doun benapycn — sto 98 % or
Bcex THIoB 37anuii B ctpane [2]. K 2000 r. B pec-
ny0nrke TOTpeOlieHne JHEPruM Ha OTOIUICHHE
W BEHTWILMIO >KWIBIX TOMELICHUH COCTaBIIs-
110 120-260 kBrt-4/(M*-rox) OTAamIMBacMOiA ILIOLIA-
I 32 OTOMUTEJBbHBIH MEPHOJ B 3aBHCUMOCTH OT

rernueckux pecypcoB (TOP) B koHeuHOM mOTpEO- ApPXUTEKTYPHO-TNIAHUPOBOYHOTO  PELIeHHUS  3]1a-
JICHUH, KaK CIeAyeT u3 puc. 1, 2, CIy>XUT Terio- uus (puc. 3).
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B npou3BoacTBo MalkH 1 060py10BaHHUs, HE BKIIOYEHHbIX B IPYTHE TPYIITHPOBKH
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O npousBoacTBO KOKCA U NPOJYKTOB HedrenepepaboTku
W] TIPOU3BOJICTBO XUMUUYECKUX IIPOAYKTOB
Puc. 1. KoneuHoe notpebiieHHE TOITMBHO-OHEPIeTHYECKUX PECYPCOB 110 CEKTOPaM HAllHOHAJIBbHOH 3KOHOMUKH
Fig. 1. Final consumption of fuel and energy resources by the national economy sectors
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Puc. 2. Koneunoe norpebneHne TOIUTMBHO-3HEPTETUUECKHUX PECYPCOB 110 BHAM TOIUINBA U SHEPIHU B XKUIIUITHOM CEKTOPE

Fig. 2. Final consumption of fuel and energy resources by types of fuel and energy in the residential sector
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Puc. 3. Pacnipenesnenue miomaneii JOMOB XHIOro GoHaa
0 YAENFHOMY PAacXOIy TEIIOBOH SHEPTUH
B Pecny6nuke benapycs [5]

Fig. 3. Distribution of areas of housing stock by specific
consumption of thermal energy in the Republic of Belarus [5]

Jnst cpaBaenus, B [lIBeninn 1 @uuisiHauU, B KO-
TOpPBIX 0OJIee CYpOBBI KIMMAT, 3TOT IMOKAa3aTellb
140 kBr-w/(v*Tox) [3], B larmu — 88 kBr-4/(M*rox),
B lepmanmu — 85 kBr-u/(M>rox) [4]. B HacTosmee
BpeMs JTOJIS JKUJIBIX 3aHUA C HETOCTATOYHBIM II0
COBpEMEHHBIM HOpPMaM YpOBHEM TETUIOBOW 3alllu-
ThI OFPAKIAIOLIUX KOHCTPYKIUI cocTapisieT 93 %.

[IpramHa BBICOKOTO YPOBHS MOTPEOICHUS TeTl-
JIOBOM DHEPTUH — HE TOJIHKO HU3KOE Ka4eCTBO TEIl-
JIOBOM 3allUTHl OTpa)KAAarolIUX KOHCTPYKLHH 37a-
HUI, HO M TEXHOJIOTUYECKH yCTapeBIlee, 4acTo
(hM3nyecKkn W3HOIIEHHOE O0OpyIOBaHWE, HpHUMe-
HSEMOE B TPAIUITMOHHBIX CHCTEMaX OTOTUICHUS
U BeHTWISIMK. JIyis TOBBIIeHUsT 3P PEKTUBHOCTH
UCTIOJb30BAHKS SHEPTHHM B JKWIHMITHOM CEKTOpE
TpeOyroTCsl pa3paboTKa W BHEAPEHHE 3HEProdd-
(DEeKTUBHBIX MEPOTIPHUATHI, TEXHOJIOTUH M TIPOIIeC-

116

COB, KOTOpBIEC TTO3BOJISIT 3a]ICHCTBOBAThH MOTEHIHAI
BTOPUYHBIX W B0300HOBIsieMbIXx TOP s HyxXnI
TerIoo0ecedeHus [6], HampuMmep, ¢ ITOMOIIBIO
YCTPOUCTB JUISI YTWIM3AIMd TEIUIOTHI BO3AyXa,
yAalIeMOro CUCTeMaMu BeHTWIAIuH. Mccnemnosa-
HUs 3(QPEKTHBHOCTH MOJOOHBIX CHCTEM BEHTHIIS-
MM ¥ OTpeJelieHHe BEIMYNHBI CHIDKEHUS 3aTpaT
TOP Ha HY>XIBI OTOIICHUS ¥ BEHTWISAIIUN 32 CUET
WX BHeApeHus mupencrasineHsl B [7-10]. Opnako
pe3yabTaThl M BBIBOJBI, COJIEPIKAILIMECS B 3TUX pa-
00Tax, OrpaHUYMBAIOTCS OCOOCHHOCTSMHU W Ha3Ha-
YeHHEM OOBEKTOB, Ha KOTOPBIX BHEIPSIOTCS CH-
CTEMBI BEHTHJIAINH, a TaK)Ke KOHCTPYKTHBHBIMH
OCOOCHHOCTSIMH CXEM IMPEeAaraéMblX CHCTEM.
Kpome Toro, B ynmomsHyThIX paboTax HE B TOTHOU
Mepe U3ydYeHBI a’pOJWHAMHYECKHE W TEIUIOBIaXK-
HOCTHBIC TIPOIIECCHI, UMEIOIINE MECTO B IOTOKAX
MIPUTOYHOTO W YIAISIEMOTO BO31yXa, a MPUBEICH-
HbIC B HUX PAcuUeThl CBOJIATCS K MOJyUYEHUIO abCco-
JMIOTHBIX BEJIMYWH 3aTpaT JHEPTUU [0 YKpYyI-
HEHHBIM W/WIW YAENBHBIM TOKa3arensM. Bmecre
C TEM, COTJIACHO OIBITY MPOCKTUPOBAHUS CHCTEM
BEHTWIALIMU, 00€CIeUnBaTh BO3yX000MEH B MHO-
TOKBapTUPHBIX JKWIBIX JOMax MpEANOYTHTEIbHES
32 CYET IICHTPATN30BAHHBIX BECHTUJIAITHOHHBIX
CHCTEM, a B MAaJO3TaXXHBIX M YAaCTHBIX — 3a CYET
WHIMBU/Iy JIbHBIX [TPUTOYHO-BBITSHKHBIX BEHTHJIS-
[IMOHHBIX YCTaHOBOK [11].

Jl1st perreHns 3THX MPoOJIeM IpenyiaraeTcs CH-
CcTeMa LEHTPAIM30BAHHON OPraHU30BAHHON IIpU-
TOYHO-BHITSDKHOU BeHTIIIMHA [12, 13], B KOTOpO#
MOJIOTPEB TIPUTOYHOTO BO3/yXa OCYIIECTBISETCS
B IIEJIEBOM KaHajJe OCTEKJICHHOTO (acaga oA
JIEHCTBHEM COJTHEUHOTO M3ITydeHus (puc. 4).
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Puc. 4. Cxema NIpUTOUHO-BBITSDKHON CUCTEMbl BEHTUWIALUU
MHOT03TaXKHOT0 37jaHus: 1 — IeaeBoi KaHai;
2 — HaBECHOM CBETONPO3PAaYHbIl BEHTWINPYEMBIH (aca;

3 — Hapy’>KHOE BEPTUKATBHOE CTEHOBOE OTPaXKJICHHUE C OKHAMI;
4, 6 — BepTUKAJIBHBII U TOPU30HTAIBHBINA IPUTOUHBIE
BO3/yXOBOJIBI; 5 — TETIIIOOOMEHHAs! KaMepa BBITSKHOM ITaXThI;
7 — IpUTOYHBIE TOPU3OHTANBHEIE PACIIPEACIUTEIbHEIC
BO3JIyXOBOJBL; 8 — peryimpyemble IPUTOYHBIE PEIIETKH;

9 — BeHTWIIMpYeMble ToMeneHus; 10 — moKBapTUpHBIE
BEITSDKHBIE TAaTpyOKH; 11 — perynupyemast Bo3gyxo3abopHas
peierka; 12 — yrerneHHslil kinanaH; 13 — BO3yLIHbIH Ki1anaH
HaBecHOTo (acana; 14 — BO3AyIIHbII KIIamaH Ha BHITSDKHON
mraxrte; 15 — BEITsDKHAS maxTa; 16 — BRITSHKHON BEHTHIIATOP;
17 — anextTpoHarpeBaTenb; 18 — razoBas ropenka;

19 — naTuuk TemMneparypsr; 20 — 3JeKTPOHHBIH OI0K
yCTpoiicTBa nojorpesa; 21 — 3JieKTpOMarHuTHBIN KJlamnaH
MoJauy rasa; 22 — moAn0H i cOopa KoHIeHcaTa
C KOHJICHCATOOTBOAOM 4epe3 TUIpOo3aTBOP

Fig. 4. Scheme of supply and exhaust ventilation system
of multi-storey building: 1 — slotted channel;
2 — hinged translucent ventilated facade;
3 — external vertical wall enclosure with windows;
4, 6 — vertical and horizontal supply air ducts;

5 — heat exchange chamber of exhaust shaft; 7 — supply
horizontal distribution ducts; 8 — adjustable supply grilles;
9 — ventilated apartments; 10 — apartment exhaust pipes;

11 — adjustable air intake grille; 12 — insulated valve;

13 — air valve of hinged facade; 14 — air valve on the exhaust
air shaft; 15 — exhaust air shaft; 16 — exhaust air fan;

17 — electric heater; 18 — gas burner; 19 — temperature sensor;
20 — electronic unit of heating device; 21 — solenoid valve
for gas supply; 22 — pan for collecting condensate
with a condensate drain through a water seal
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IIpu nBM>XEHHMM IO INENEBOMY KaHAlIy BO3JyX
MOJIyYaeT TEIIOTY COJIHEYHOI'O HU3JIy4YECHHs, B TOM
YHcie TeIIOTY dPQPEKTUBHOTO U3ITy4YEHHs HapyX-
HOHM TIOBEPXHOCTH CTEHBI. Takke B CUCTEME OCY-
LIECTBIISIETCSl TIepeada TEIIOThl OT YJalseMOro
13 MOMEINEHUH BO3JyXa K IPUTOYHOMY BO3LYXY
B TCILUIOOOMEHHHUKE THIIa «TpyOa B TpyOe». B ciy-
Yae OTCYTCTBHUS COJHEYHOTO W3IY4YCHHS OO ero
HCI[OCTaTOLIHOI\/'I HUHTCHCUBHOCTU U COOTBCTCTBYIO-
Eed HeXBaTKU TEIJIOBOrO0 NOTEHLMANIA yAAIIEMO-
ro BO3dyXa AN JAOTPeBa MPUTOYHOrO BO3AyXa
10 TpeOyeMol TeMiepaTypbl B HIXKHEW 4acTH Tell-
JT000OMEHHUKA 000PYIOBAaHO YCTPOHWCTBO TOIOTPE-
Ba, BKJIIOYAIOLIEE AJIEKTPOHArPEeBaTeNb U Ta30BYIO
ropenky. B cratbe mpuBencHBI HCCIENOBaHUS pe-
KUMOB pabOTHI TAaHHOTO TEXHUYECKOTO PEIICHHUS.

TlocTanoBKka 3agauu
M OIHCAHUE METOAMKH MCCIeT0BAHUSA

OcHOBHOM 3agauell HCCIENOBaHUA SBISIACH
pa3paboTka HaydHO OOOCHOBAHHBIX PEKOMEHJIa-
WA 7S TEXHUKO-9KOHOMHUYECKOTO pacdera W To-
cnenyromei 3h(QeKTUBHON dKCIUTyaTaluy Ipeia-
raeMOf CHCTEMBl BEHTWISAIIMU B KIUMATHICCKUX
yenoBusix PecrryOnuku benapycs. Jlnsa unenTtudu-
Kalluy TPEAMETHOW 00JacTH HAay4YHOTO HCCIEN0-
BaHHUS PACCMATPUBAECMYIO CHCTEMY BEHTHIIAIINH
[1e’Iecoo0pa3Ho pa3ieiuTh Ha JBa OCHOBHBIX IO-
CIIEZIOBATENIbHO COCAMHEHHBIX OJIOKa COTJIacHO
0COOCHHOCTSIM (PU3MUECKUX TPOILIECCOB, MPOTEKa-
IOIUX B cucTeMe. [1epBrIif 00K — IeNIeBON KaHaT
HABECHOTO BEHTHJIUpyeMoro ¢acana, BTOpOH —
BO3JIyX0-BO3IYIIHEIN TEIDIOOOMEHHUK THIA «TPY-
0a B TpyOe».

[Ipormeccsl Temno- U BIarooOMeHa, a’pojrHa-
MHKH BO3AYIIHBIX Macc, MPOUCXOJSAININE B BO3-
IOYITHBIX TIPOCIIOMKaX M BEHTHWIMPYEMBIX (pacamax,
M3YYaJIUCh PSIJIOM OTCUECTBEHHBIX M 3apyOCIKHBIX
aBTOpOB [14-24]. Pe3ynbTaThl U BBIBOJBI ATHX pa-
00T OrpaHUYHUBAIOTCS O0JACTHIO THIIOBOTO IIPHME-
HEHHs BEHTHJIMpYEeMBIX (acamoB co cBOOOTHO-
KOHBEKTUBHEIMH TOTOKaMH BO3/yXa, TOTJa Kak
ABTOPBI JAHHOW CTaThH MPEAJararoT UCIOIb30BaTh
BO3MIYIIHBIA INEJICBON KaHall, OOpa30BaHHBIA Ha-
BECHOH OCTEKJICHHOW TMaHelnbio (hacaja U HapyKHOU
CTEHOH 3[1aHus, KaKk 000rpeBaeMbIil 3a CYET COJHEY-
HOTrO OOJIyYeHHUS! YYaCTOK C BBIHYKJICHHBIM JIBHIKC-
HHEM B HEM TIOTOKa BO3IyXa IOJ JIEHCTBHEM IIO-
BEPXHOCTHBIX CHJI, CO3/IaBAEMbBIX BEHTIIISTOPOM.
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Temmo- u BIarooOMeH B BO31yXO-BO3IYIIHBIX
TEIJIO00OMEHHUKAX PEKYIEePaTHBHOTO THUIIA, IPU-
MEHSEMBIX B CHCTEMaX BEHTWISAIMH 3JaHWUU, WC-
cienoBan B [8, 25-28]. Pe3ynbTaThl U BBIBOJBI
B 3TUX padOTax pacHpOCTPAHSIOTCS Ha TUIIOBBIC
KOHCTPYKITUH TEIUIOOOMEHHHUKOB PEKyIepaTHBHO-
rO THIA, B OCHOBHOM IUIACTHHYATHIE, C TIEPEKPECT-
HOTOYHOM CXEeMOM pacnpenesieHus] TEIJIOHOCHUTe-
ned. B mpemsaraeMod ke CHCTEME BEHTHIISAIIUU
KOHCTPYKITUS TETTIOOOMEHHUKA TTPUTOYHO-BBITSIK-
HOW IIAXTHl MHAsi — 3TO MPSIMOTOYHBIA TEII000-
MEHHUK PEKYIIepaTHUBHOTO THIIA «TpyOa B TpyOe».
IIporeccrl TermooOMEeHa B HEM HCCICIOBAIU C
MPUMEHEHUEM Pa3pa0OTaHHOTO aBTOPAMU CTAThU
YHCICHHOTO METOJ[a TEXHUKO-KOHOMHUYECKOTO pac-
YeTa YCTAaHOBOK C TEIDIOOOMEHHBIMHU armapaTraMu
PEKyIepaTHBHOTO THIA, KOTOPHII MO3BOJISET aHa-
JTU3UPOBATh MapaMeTpPhl PEXUMOB SKCIUTyaTallHH,
OTIpeIeTATh 0000IIEHHBIE U JOKaJbHBIE ITOKa3aTe-
T TEPMOIUHAMUYCCKON M JKOHOMHUYECKOH 3-
(hbeKTUBHOCTHU, BIUSHHE KOHCTPYKTUBHBIX Xapak-
TEPUCTUK MOBEPXHOCTH TEIUIOOOMEHA Ha 3TU II0-
Ka3aTemH.

B crarbe mpepcraBieHBI pe3yNbTaThl CpaBHE-
HUS pACXOJI0B TEIUIOBOM SHEPTUU HA HYKIBI OTOII-
JICHWSI ¥ BEHTWLIIMH 3a CUET MPUMEHEHUS Tpej-
JaraeMoi CHCTEMbI BEHTHIISALUU JUIS JBYX Ba-
PHUAHTOB 37]aHUM — C YPOBHEM TEIUIOBOW 3allUThI
OTPKIAOIINX KOHCTPYKIMHA, OTBEYAIOIIAM CO-
BPEMCHHBIM HOPMAaTHBHBIM TPEOOBaHUSAM (3aHUS
¢ rermionorpediaeaueM go 130 KBT-‘I/(MZ-FOZ[)),
U JIJIS1 aHAJIOTUYHOTO M0 IIAHUPOBOYHOU CTPYKTY-
pe 3[aHusl, HO C OTPaXIAIONIIMH KOHCTPYKIIHSMH,
YPOBEHb YTEIUICHUSI KOTOPBIX COOTBETCTBYET JIO-
MaM TTocTpoiiku 10 1993 r. (¢ TemronorpedIeHneM
10 260 xBr-u/(M>Tox)). Kak GbLIO OTMEUEHO BBI-
e, 37JaHWi C TAaKUM HEJAOCTATOYHBIM YPOBHEM
yTemieHust B benapycu momapinstoniee OOJBIIHH-
ctBo (okono 195 mmu M?). Kpome Toro, B craThe
MIpHUBEIeHbl 3HAYCHUS TPeOyEeMbIX PacXo0B YHEp-
THH B YCTPOMCTBE MOMOJIHHUTEIBHOTO (ITUKOBOTO)
MTOJIOTPEBa PUTOYHOTO BO3/IyXa 1O 00OMM BapHaH-
TaM 3JaHWN TpU pa3MYHBIX TeMIleparypax Ha-
PYKHOTO BO3/IyXa B OTONMUTEIBHBIN MEPUOJ, TIPOU3-
BE/ICHO CpaBHEHHE BENWYMH 3aTpaT Ha HYXKIbI OTOM-
JICHUS W BEHTWIHALUH TpH paboTe MpearaeMon
CHUCTEMbl BCHTHISILIMM W TPAAUIIUOHHBIX CHCTEM
OTOIUIEHUS M BEHTWIIMH, B KOTOPBIX OTCYTCTBY-
€T BO3MOXKHOCTH HCITONIb30BaHUSI SHEPTUH BO300-
HOBJISICMBIX HCTOYHUKOB ¥ BTOPUYHBIX PECYPCOB.

118

HeobxoaumocTh TOI0OHOTO CpaBHEHHS IPO-
JTUKTOBaHA B TIEPBYIO OUYepelb [UTHTEIHHBIMHU CPO-
KaMH OKYIAeMOCTH paboT MO TEIUIOBOW pEeHOBa-
LMK 3JJaHUN, TIOCTPOEHHBIX B COBETCKUM MEpUOJ,
U B IEJIOM, KaK MOKa3bIBaeT MPAKTUKA, SKOHOMH-
YECKON HEepaIlMOHATFHOCTHIO 3TUX MEPOTIPUSATUHN B
YCIOBHSIX, XapakTepHbIX i bemapycu. B mupo-
BOH MpakTUKE MPHHATO CUUTATh ILIeJIecO00pa3HbIM
MOBBIIIICHUE YPOBHS TEIUIOBOH 3aIIHUTHI 00OJOYKH
3JTaHHMH, €CITM PEHTAOCITBHOCTE KaITUTAIOBIOKCHIH
B TEIJIOBYIO M3oJsiuio Oyner He menee 10 % 3a
CUeT NPUOBLTH OT cOepekeHHs TETUIOBOH SHEPTUH,
T. €. TIPH CPOKE OKYIaeMOCTH TEPMOPEHOBAIINN HE
6oxnee 10 ner [29]. B pecnyOnuke ¢ ycTaHOBIICH-
HBIMH JUJIS YKHJTUIIHOTO CEKTOpa CyOCHINPYEMbIMU
TapudaMi Ha TEIUIOBYIO SHEPTHIO, TOIYYCHHYIO
OT TEHTPAIN30BAaHHBIX HCTOYHUKOB, IMOKPHIBAIO-
mmmMu He 6onee 30 % skoHOMHYECKH 00OCHOBAH-
HBIX 3aTpaT Ha ee¢ BBIpaboTKy [30], cpoku okymae-
MOCTH TEPMOPEHOBAIIMM YBEIHMYMBaKOTCI B 3—4
paza. C oxno#t ctopons! [31], HOBBIIIIEHUE YPOBHS
TEIJIOBOW 3aIIMUTHI 3MaHUH AaeT 3PQPEeKT TOIBKO
IIPH OJTHOBPEMEHHOM CHIDKEHUM TMOTEPh TEIUIOTHI
B CHCTEMax BCHTHJIAIMH 3IaHUN, OIS KOTOPBIX
Cpeay IPYTuX TEIUIONOTEPh PacTeT BMECTe C yBe-
JMYEHUEM TEPMHYECKOTO COIPOTUBICHUS OTPa-
JAIOMMUX KOHCTPYKIMH W B 3JaHUSAX C COBpe-
MEHHBIM ypPOBHEM TEIJIOBOM 3aIllUThl TOXOAUT
1m0 53 % [32]. C nmpyroil CTOpPOHBI, 5KOHOMHS
SHEPrUM Ha HYXIbl OTOIUICHUS M BEHTWIALMHU 3a
CYeT y)KEeCTOYeHHS HOPM W TPaBUJI CTPOUTENHHOI
TEIUIOTEXHUKHU JUII BHOBb CTPOSIIUXCS 3[JaHUN HE
cocTtaBuT U 5 % B Omwkaitmme 10 et (mpu exeroa-
HOM TIPUPOCTE HOBBIX JKMIIBIX IUIOMIAIEH PUMEPHO
Ha 1,5 % ot cymecTBytomux romaneit) [3]. Takum
o0Opa3oM, 37aHHS CTaperOT OBICTpEe, YeM HJIET
CTPOUTEIHCTBO HOBBIX W TIPOBOIATCS KarUTallb-
HBIi PEMOHT, MOJICPHU3AIUS UM PEKOHCTPYKIHUS
BETXOTr0 ¥ aBapUHHOTO XWINIIHOTO (OH/A.

Pesynmbratel pacderoB 3¢ GEKTHBHOCTH pac-
CMaTPUBAEMON CHCTEMbI BEHTWIIALINHN JIJISl pa3iind-
HBIX yCIIOBHH ee padoThl mpeacTasieHs! B [12, 33].
[IpuBenemM ommcaHWe OCHOBHBIX MPUHIIUIIOB pac-
4YeTa, OTPaKAIOUIMX CHOco0 TOIy4YeHHS OIEeH-
KM TCIUIOBOM W 3KOHOMHYECKOW 3(PPEKTUBHOCTH
CUCTEMBI BEHTWIALIMU B JBYX ciydasx. [locTym-
JIEHWE TEeIJIOTHl OT COJIHEYHOM paguanuu He
MOJAeTCA YIOPSIOYMBAHUIO TI0 4YacaM CYTOK
Y HE 3aBUCHT OT TEMIIEpaTyphl HAPY>KHOTO BO3.Y-
xa (puc. 5) [12].
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Fig. 5. Monthly receipts of direct solar radiation on a vertical surface of various orientations under average cloudiness
conditions during the heating season (by meteorological station “Polotsk™, according to BSB [Construction Standards
of the Republic of Belarus] 2.04.02—-2000)

CHIIMKaTHOE CTEKIIO, UCIOIb3yeMOE B CBETO-
MPO3PAYHBIX OTPAKAAOIMUX KOHCTPYKIHUAX 3/a-
HUH, CIIOCOOHO MPOMYCKATh TEILIOBYIO SHEPTHIO OT
MpAMOM M pPACCESHHOW COJTHEYHOW paauanuu B
30HE CIIEKTPa BUJMMBIX JIy4ei ¥ B OJMKHEM HH-
(hpakpacHOM Amamna3zoHe. DTOT TEIUIOBOH IOTOK,
IIPOXOJIsl YepPe3 CTEKIIO, MOTJIOMACTCS Pa3IMYHbIMU
MTOBEPXHOCTSIMHU, KOTOPBIE B UTOT'€ CTAHOBATCS HC-
TOYHUKAMHU MH(PPAKPACHOTO U3IYUYCHHS JAJILHErO
muarazoHa. OOBIYHOE CTEKJIO SBISETCS JKPaHOM
JUISL M3IIy4YeHUs JanbHero auamnaszoHa [12]. Takum
o0pa3oM, W3MEHEHHE TeMIepaTypsl BO3AyXa II0
BBICOTE BO3JYyXONPHEMHOTO IIEIEBOr0 KaHaia
OTIpe/IeTICHO Ha MpUMEPe MaTeMaTHIeCKON MOAETTH
TeriooOMeHa B o0orpeBaeMoil 1ienu, o0pa3oBaH-
HOW TTOBEPXHOCTSAMH C Pa3IMIHBIMUA TeMIIepaTy-
pamu (oOiydaemble COJIHIEM CTEKJISHHBINA (acaj
1 Hapy KHas MOBEPXHOCTH CTEHHI 30anus) [34, 35].

upuHa u BBICOTA CTEKJIa HaBeCHOTO (hacana
MIPUHATH KPAaTHBIME IIMPUHE U BBICOTE CTEHOBOM

MIaHEIU OJHOW XWIOH KOMHAThl, 4 PACUETHBIN
pa3Mep mienu BO3AYyXONMPHUEMHOrO KaHama — 5 cM
(BXOAMT B IMAana3oH PEKOMEHIYEMBIX IS THIIO-
BBIX BO3AYIIHBIX Mpocioek [36]). CpemHee mo pym-
0aM 3HAYCHHWE CyMMAapHOW COJIHEYHOW pajuaiiuu
TIpU CpemHeld 00JIAYHOCTH B OTOMUTENBHBIN TTepPH-
O]l C OKTSIOpS 0 MapT BKJIFOUUTEIILHO IO JAHHBIM
tabm. 3.15 CHb 2.04.02-2000 mist BEpTHKATBHBIX
MMOBEPXHOCTEH OTrpakJICHUI, OPUSHTHPOBAHHBIX
Ha B, IOB, 1O, 103 u 3, coctaBnser mis r. Iosoir-
Ka I, =223 Br/M* [12]. Ota BeIMYMHA HHTCHCHBHO-
CTH TIPHHATA B Ka4eCTBE PacyeTHON W TpenerbHON
JUIS. BCETO OTOIUTENBHOTO Tepuoza. Kak Obuio oT-
MedeHo panee [12, 33], onpenenuts 3¢ hekTHBHOCTH
WCIIOJIL30BaHKSI DHEPIMUM Ha HYXIbl OTOIUICHUS
Y BEHTWIALIUH JUT KKIOTO MECsIa OTOMUTEIHHOTO
Mepro/ia HEBO3MOXKHO IO MPUYMHE OTCYTCTBHS 3a-
BHACHIMOCTH MEXIy TOMECSYHON MPOJOIKHTETHHO-
CTBIO COJHCYHOTO CHUSHHS U BPEMEHEM CTOSHHUS
TeMITepaTyphl Hapy>KHOTO BO3ayxa (puc. 6, 7).
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Fig. 6. Duration of sunshine, hours, in Polotsk town by months of the heating season (according to BSB 2.04.02—2000)
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Fig. 7. Average annual number of hours
of outside air temperatures standings in Polotsk town
(according to BSB 2.04.02-2000)

[l perieHus yka3aHHOUW NpoOiIeMbl pa3pado-
TaH clenyromuil moaxon [12]: BeaU4MHYy 3KOHO-
MUU JHEPTUU Ha HYXKIBl OTOTUICHUS U BEHTHIIISAIIUU
3IaHUs TI0 KaXKJOMY MECSIy ONpelelsuin KakK J0-
JIF0 MAaKCHMAJIBHO BO3MOXKHOW SKOHOMHH IHEPTHUU
Ha HYXIBl OTOIDICHHS W BEHTWIAUU B OTOIH-
TEeTBHBIA TEPHOJ 3a CYEeT PabOTHI MpeTaraeMoit
CHUCTEMBI BEHTHIISAIIUU B 3aBUCUMOCTH OT TEMIIepa-
Typbl Hapy>KHOTO BO3/yXa, Tl B Ka4yecTBE KO3(-
(uiueHTa MPOIOPIUOHATIBHOCTH HCIIOJIB30BAIU
OTHOIIICHUE MPOJIOJIKUTEILHOCTH COJTHEYHOTO CH-
SIHUSL B Yacax 1o KaXJI0My MECSIy OTOTHTEIHHOTO
Mepuo/ia K KOJIUIECTBY YaCOB B COOTBETCTBYIOIIEM
MecsIle OTOMHUTEIRHOTO neproa. Takum o0paszom,
st [lonorka IMTENPHOCTh COJHEYHOTO CHSHUS
B OKTs10pe coctaBuna 10,7 % oT BpeMeHH pabOTHI
CHUCTEMbI BEHTHJISII[UM 3a 3TOT MECAL, B HOSO-
pe — 4,2, B nexabpe — 3,0, B ssuBape — 5,3, B ¢eBpa-
ne — 8,3, B Mmapte — 14,9 %.

ComnpoTuBIIeHNS TeIUIONepeiaue MPUHNMAIIH PaB-
HBIMH HOpMaTuBHbIM cormacio CH 2.04.02-2020:
IS HApYXXHBIX CTE€H COBPEMEHHOTO 3/IaHHS
¢ TeronoTpebnennem n0 130 kBr-u/(M*rom) —
3,2 M>°C/BT, misi 3amoNHEHHS OKOHHBIX IpOe-
MoB — 1,0 M>-°C/BT. JIj1st 30aHHs C YPOBHEM yTeILIe-
HUsI, HE OTBEUYAIOIIMM COBPEMEHHBIM TpeOOBaHMIM
(¢ TerwtomoTpebnerneM g0 260 kBr-w/(M>rom)),
MIPUHATO COTMPOTHUBJICHHUE TEILIONEpeaue HapyK-
HbIX cteH 1,0 M*-°C/BT, 4TO THITHYHO, HampuMmep,
JUISL CTeH W3 Kuprmda ToimmuHou g0 400 mm 6e3
CJIOSl YTEIUTATEIS;, JUIS 3allOJIHEHUSI OKOHHBIX ITPO-
€MOB TIPUHSATO CONPOTHBIICHUE TEILIONEpe ia-
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e 0,42 M2-°C/BT (IBOItHOE OCTEKJICHHWE B pa3-
JICJIbHBIX JICPEBSIHHBIX MEPEIIICTAX ).

Pacuernas Temmeparypa MpPUTOYHOTO BO3IyXa,
M0JITaBa€MOT0 B TIOMEIIEHUS, IPUHATA BO BCEX CITy-
qasx OIMHAKOBOH M paBHOM 22 °C (BepXHUil mpenen
JIara3oHa ONTHUMAJBHBIX 3HAYCHUH JJIS IKHJIBIX
nomerenuii cornacio [OCT 30494-2011). Ha ca-
MOM JIeJie, BeIMYMHA 3TOH TeMIepaTyphl JAOJDKHA
OBITH TIEpeMEHHOW (OTpenesIeMOr 110 pPacUeTy)
B 3aBUCHUMOCTH OT HU3MEHEHHs TeMIIepaTyphl
Hapy»HOTO BO3/IyXa, a MOIIHOCTh YCTPOHCTBA J0-
MIOJIHUTENLHOTO (ITUKOBOTO) TIOJIOTPEBa, a TaKXKe
€ro BKIIIOYCHHE M BBIKIIOYCHHE B TIpejiiaraeMoit
CUCTEeMEe BEHTWIALNHU JOJDKHBI YIPABISATHCS aBTO-
MaTHYeCKH II0 CHTHaJaM JaT4hKa TeMIepaTy-
PBI, YCTAHOBJICHHOTO B KOHTPOJIBHOM MOMEIICHHH.
OdeBHIHO, YTO TIPU HU3KHX TEMIIEpaTypax
Hapy»XHOTO BO3AyXa TEIUIOBOTO IMOTEHIIHANa BO3-
IyXa B MPUTOYHOH CcTpye ¢ Temreparypoit 22 °C
MOXKET MOMPOCTY HE XBaTUTh JJs OOECICUCHUs
HYKJ[ OTOIUICHUSI M BEHTWISIIMYA W TOJICPKaHUS
HOPMHUPYEMOTO YPOBHS TEMIIEPaTyphl B TOMEIlle-
HUSX TOJBKO JIMIIH 33 cUeT paboThI MpeiaraeMon
CUCTEeMbI BeHTHWIAKU. [103TOMY B TaHHOM Cliydae
CJIelyeT TOBOPUTH O TOM, YTO B IEPHOJ[ IKCT-
peMallbHO HU3KHX TEMIIepaTtyp Hapy>XKHOTO BO3-
lyXa TIMKOBBIN JOTPEB BO3/AyXa B IOMEIICHUSIX,
B IIEPBYIO OdYepeab C TOYKH 3pPEHHUS CaHUTap-
HBIX TpeOoBaHMiA, ObLTO OBl OoJiee LenecooOpa3Ho
OCYILIECTBUTD 3a CUET TPAAUIIMOHHON BOJASIHOW CH-
CTEMBI OTOTUICHUS C OTOMUTEIBHBIMU MPUOOPAMHU.
Tem He MeHee 3TO HE O3HAYAET, YTO IpeaJarae-
Masi CHCTeMa BEHTUIISALIMKA HE MOXKET CIPaBUTHCS
¢ o0ecIeYeHUEeM U TOJJICPIKaHUEM B TIOMEIICHUSX
HOPMUPYEMOW TeMIIepaTypbl BO3AyXa B MEPHUOMIBI
SKCTPEMaIbHO HU3KUX TEMIEPaTyp.

[Ipon3BOAUTENHLHOCTE MPEIIaracMoOl CUCTEMBI
BEHTWJIALINN TIPUHATA HWCXOJS U3 HOPMHPYEMOTO
KOJIMYECTBA NPHUTOYHOTO BO3AyXa Ha 1 M’ Ku-
N0t MoK, PaBHOTO 3 M*/(4-M”) COrIACHO Tpe-
oosaumsamM CH 3.02.01-2019 «Kwuisle 3maHumsy.
JlJis MHOTOKBapTUPHBIX JKWIBIX JOMOB THITOBBIX
cepuii, npuMeHsseMbIX B PecrryOmmke bemapych [37],
BO3{yX00OMEH OJTHOH KO KOMHATHI TUIOIIAIHI0
moma 4-5=20 M aBTOpaMH CTAaTbU OLICHEH
kak 3 -20=60 m’/a. COOTBETCTBEHHO B JEBSTH-
STaXXHOM KWJIOM 3JaHUU CHCTeMa BEHTWIALNU
JIOJDKHA 00ecrieunBaTh BO3yXOOOMEH JICBATU Ta-
KHX KOMHAT: 9 - 60 = 540 m’/u.
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B nmpoBoauMoM HCClIeZIOBaHUU UCKIIOUEHBI U3
paccMOTpeHUs] BO3AYXO- W TapONpPOHHUIIAEMOCTh
orpaxiarolieil KOHCTPYKIMH, 3aKpbITOW HaBec-
HBIM OCTEKJICHHBIM (pacasioM, a TaK)ke KOHBEKTHB-
HBI MEPEHOC BOJSHBIX MMapoB B IIEJICBOM KaHalle
B CBS3U C NPEHEOPEKMMO MallbM BIMSHHEM Ha
TerooOmen [38]. BrnusHue Ha TEIOBYIO HEOI-
HOPOJIHOCTH OTPAXKIAIONIEH KOHCTPYKIIUW CTEHBI
OTOPHBIX 3JIEMEHTOB HABECHOTO (Qacaja HE y4H-
THIBAJIM, TTOCKOJIBKY HATYPHBIMH TETUTOBU3MOHHBI-
MH HCCIIeoOBaHUAMHU [16] Ha cTeHE He OBLIO BHI-
SIBJIGHO PETYJIIPHO MOBTOPSAIOLIUXCA TEMIepaTyp-
HBIX HEOJHOPOTHOCTEH, CBS3aHHBIX C OMOPHBIMHU
aJIeMEHTaMH BeHTHIIpyeMoro dacaza.

IIpy HaMUUYUM COJIHEYHOTO M3IYy4YEHHS WHTEH-
CHUBHOCTBIO /¢, KOJTMYECTBO BOCIIPHHUMAEMOM TIpH-
TOYHBIM BO3JIyXOM JIy9HCTOW TEIUIOTHI OTpese-
JICHO WCXOJsl M3 3HAueHHs TeryioBol 3¢ddekTus-
HOCTH CYIIECTBYIOIIMX COJHEYHBIX MaHeNleH, Ko-
TOpas B HacToslliee BpeMs He TpeBhImaeT F =
= 0,14-0,17 [36]. KoaddurueHnt terionponycka-
HUSl COJTHEYHOTO W3IY4YeHHS CTEKJIOM HaBECHOM
nanenu npuHAT Ce, =0,6 [39]. YureHo 3arpssHe-
HHE aTMOC(EpPHOTrO BO3/yXa, XapaKTepHOE JUIs
KPYTHBIX TOpPOJIOB, M3-32 YEro BO3AYyIIHAS Cpena
uMeer OoJiee BBICOKYIO ONTHYECKYIO IIOTHOCTS,
YTO SBJISETCA MPUYMHON YXY/IIEHUS YCIOBUH HH-
comsin. Kpome Toro, mbLTeBbIe U Ca)KEeBbIE MUK-
pOYACTHIIBI, BHTAIONIME B BO3IyXe, CIIOCOOHBI
ocenaTh Ha MOBEPXHOCTH CBETOMPO3PAYHBIX dIIe-
MEHTOB 3/IaHWH, CHIDKasl CTETNIeHb X CBETO- W Tell-
nornporyckanus. CoHEYHOE HM3Iy4YeHHE, YacTH4-
HO TIPOMYIIEHHOE CTEKJIIOM HaBECHOW MaHemwu,
YaCTHYHO BOCIPUHATOE MMOTOKOM ITPUTOYHOTO BO3-
JTyXa, TIOTJIONAeTCS HapYKHOU CTEHOH ¢ K03du-
nuentoMm mornomenus A = 0,6 [40]. Takum oGpa-
30M, KOJHYECTBO OTPAKEHHOW OT CTEHBI B TOTOK
BO3JlyXa BTOPUYHOM paJUallMOHHON TEILIOTHI CO-
crasisieT 0,6 - (1 —A4) - (1 — E)L,.

[110THOCTE PE3YyIBTHPYIOLIETO TEIJIOBOTO TIO-
TOKA TP TEIJI00OMEeHe M3IIyYeHHEM MEXIy CTEH-
KOU U BO3yXOM, Br/m* [41]:

qmn.pe3 :SLT (ECT _Er)’ (1)

rae €. — 9deKTHBHAS CTENEHb YePHOTHI TOBEPX-

g, +1
—L—; & — CTENeHb YEePHO-
2

THI CTEHOK KaHana, npunsara 0,93 [12]; E.; — UI0T-
HOCTh MOTOKA HW3JIyYCHHs], MOTJIOMCHHOTO BO3/Y-

HOCTeil KaHana, €, =
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XOM OT CTEHOK KaHaja (CKJIagbpIBaeTcs M3 YacTu
M3ITy4eHUs, MaJalollero Ha CTEKISIHHYIO INaHelb
HaBECHOTro Qacana, U U3MYUYCHUs, OTPAKEHHOT'O OT
TIOBEPXHOCTH CTeHsl), BT/M*; E, — IIOTHOCTH 110-
TOKa COOCTBEHHOTO M3JIYy4YEHHUS BO3AyXa IPU €ro
TeMIepaType B BO3LyXONpPHEMHOM KaHaie, Br/m’.
JIlyuncrag TemuoTa COJHEYHOIO W3JIy4EHUS
MIPOXOJUT Uepe3 CBETONPO3pAUHbIE OKOHHBIE KOH-
CTPYKLMU U HAarpeBaeT BHYTPEHHHUE MOBEPXHOCTH
TTOMEIIEHH, YTO YUIUTHIBACTCS JOTIONHUTENBHO TIPU
pacuete OBITOBBIX TEILIONOCTYIUIeHHH, BT [12]:

Q6LIT.}10H = 9(1 - n)FHOM + CCTHCCT(l - E)FOCTa (2)

rme N — Ko3(pHUIMEHT, YYUTHIBAIOIIUNA CIOCO0
perylIupoBaHMsl TEIUIOBOM HAarpy3kd CHCTEMBI
ororuteHus 3nanus (CH 4.02.03-2019, [punoxe-
mre K), ucromp3yercss B pacuere IS 3MaHHS C
TPaJAUIIMOHHBEIMU CUCTEMaMHU OTOIUICHHS M BEHTH-
nsaur, 0e3 aBTOMATHYECKOTO PEryJIUpOBaHUS;
Cern — TO K€ TEIUIONPOITYCKAaHUSA CTEKJIOMAKETa,
kosnebnercs B mpenenax 0,30-0,75 [42], mpuHAT
paBubiM  0,60; F,=4-5=20 M2, Fo.. =
=15-2=3 M - IomaAgb I10Ja IIOMELICHUSA
1 OCTEKJICHHSI COOTBETCTBEHHO.

KonuuecTBO TEImoTel, TpeOyeMoi it HarpeBa
MHOWIBTPUPYIOMIETOCS BO3MyXa, PACCUATHIBACTCS
cornacHo meroauke CH 4.02.03—2019 (ITpmtoxe-
Hue E) u yunThiBaeTCs B TEIUIOBOM OallaHCE TOJIb-
KO JJIsl TEepUoJa OTCYTCTBHS COJHEYHOIO W3IY-
yeHus. Ilpy HanWuMM COJMHEUHOTO W3IYUYCHUS
MHOWIBTPUPYIOMIMNACA BO3AYyX TMOIOTpEeBaeTcs 3a
CYET TEIUIOTHI COJHEYHOW paguaIiiil U BXOIUT
B TEIUIOBOW OaylaHC Kak TEIUIONOCTyIUieHus [2].
[Tpu oTcyTcTBHM HaBECHOTO (hacasia Pacxol TEIIOThI
HA HarpeB Hapy>KHOTO BO3/yXa MPH WHPUIBTPAIMN
COCTaBJIAET IO pacdeTy Ouugy = 9151 Bt [12].

B cBsI3u C BEHIIEH3I0KEHHBIM TEIUIOOOMEH B
JTHEBHOE BPEMS CYTOK 3HAYUTEIBHO OTIMYACTCS OT
TeI1000MeHa B HOYHOE BPEMS CyTOK, i YpaBHCHUE
TEII0BOro Oananca npuHuUMaet Buj [12]:

— IS TIeprojia 6€3 COTHETHOTO M3ITydeHMsI, BT:

AQ =0 + O + 0 + 04 + Oy ~ D> (3)

— JUId TIEpUOJa C HaJTUYHEM COJHEYHOIO H3IIY-
yeHus, Bt

iAQ = QTC; + Qf}f + Q:; + Q:; - Q6LIT.J101’I - QKOHB s (4)

CT
TP

TCPU TCIUIOTBI YCPE3 CTCHLI, OKHA, MNEPCKPBLITHC

rie Or» O s Or — TPAHCMUCCHOHHBIE 110~
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mojiBaja W TOKpbITHE (YepHadHoe IepeKphl-

tne), Br; Q,,, — MOTEpH TEIUIOTH HA HArpeB WH-

¢Gunsrpupyromerocs Bo3ayxa, BT, Oy, s Osrnon —
OBITOBBIE TETUIOBBIJEIICHUSI W TEIUIOBBINCICHUAS B
MMOMEIIEHHUIX C YYETOM aKKyMYJIMPOBAHHOW TeIl-
JOTHl BHYTPEHHMMH NOBEpXHOCTAM, BT; O
KOHBEKTHBHBIN TEIIOBOM MOTOK OT BO3IyXa K CTCHE
B BO3AYXONPHEMHOM KaHaie, Bt; *AQ — u30bIT-
KU («+») WM HEJOCTATKH («—») TETUIOTHI.
DKOHOMHSI TEIUIOTHI, ['KaJ, B cilyuae HaIH4YHUs
YCTOMYMBOTO COTHEUHOTO M3ITyYCHHUS

9, =8,6-10"" (\Qm O 4O 4

o (5)
+ Q'rp - QGMT./JOH - QKOHB x QTBT )Zq s

rae Qpgr — HOAOIPEB IPUTOYHOIO BO3AYyXa B TEll-

J000MEHHUKE-yTHIN3aTOpe THNA «Tpyba B Tpy-
6e», kBT (3HaK «—» moacTaBseTcs B ciydyae HeoO-
XOIMMOCTH BKJIFOYEHUS YCTPOWCTBA IHKOBOTO
MOJOrpeBa MPUTOYHOrO BO3AYyXa, «+» — HA00o-
POT); zq — BpeMsl CTOSIHUS TEMIIepaTyp Hapy»HOTO
BO3/yXa, 4.

3arpatsl TEII0TH, ['Kal, B ciiydae OTCyTCTBUS
COJTHEUHOTO U3ITy4eHUs

3,=8,6-10" (05 + 0% + O + 0 +

Pe3y.111>TaTm HCCJICA0OBAHUA

B nmanasoHe TemmepaTyp Hapy»KHOTO BO3JY-
xa (—26)—(+8) °C B OTONMUTENBHBIA MEpPHOA MpHU
YCTOHYMBOM COJIHEYHOM OOJYYeHHH Ha BBIXOJE
U3 BO3JYXONPUEMHOTO KaHaja BO3AyX HMeEeT
Ha 0,9-3,0 °C Oonee BBICOKYIO TeMIEpaTypy B
3MaHUM C YPOBHEM YTEIUICHUS, HE OTBCYAIONIHM
COBpPEMEHHBIM TpeboBaHUsAM (Hanee — 34aHue Oe3
TEPMOPCHOBALINH), Y€M B COBPEMEHHOM 3IaHHH
(manee — 3manme ¢ TepMopeHoBanuel) (puc. 8).
3aBHCHMOCTB TEMIIEPATYPhI BO3/yXa Ha BBIXOJE U3
BO3AYXONPHUEMHOIO KaHajla OT TeMIepaTypsl
HApY»KHOTO BO3[yXa TNPAKTUYECKH JIMHEHHas.
[Tpuyem, yeM BbIIIe TEMIIEpaTypa HAPYKHOTO BO3-
IyXa, TeM MEHee WHTEHCUBHO IOJI0IPEBACTCS BO3-
IyX B BO3IYXOINPHUEMHOM KaHalle 37aHusi 6e3 Tep-
MOpeHOBalMu. MHTEHCHBHOCTH TEIIOO0MEHa I10
BBICOTE ILIEJIEBOTO KaHAJa CHIXKAETCS], B TOM YHCIIe
BCJIC/ICTBHE YMEHBIIICHHSI TEMIIEPATYPHOTO HAIIOpa
MEX/Iy IIOJIOTPEBAEMBIM BO3IyXOM H TEMIIEpaTy-
POl IOBEPXHOCTH CTEHBI.

TpeOyemast BenmMuMHA JOTpeBa MPUTOYHOTO BO3-
JyXa TOCIe ILIEJEeBOro KaHala CHIDKAETCS MpH Io-
BBIIICHUN TEMIIEPaTyphbl HAPY>KHOTO BO3/yXa, U MPH
TeMIepaTypax Hapy>KHoro Bo3ayxa ot (—5,9) °C
U BBIIIE BKJIIOYEHHE yCTPOWCTBA JOIOJIHHUTEILHO-
ro ImoJiorpeBa Bo3ayxa He TpeOyercss ains o0ouX

(6)
+ Oy — Do £ Orpr )Zq- CPAaBHUBAEMBIX 3/[AHMH.
36:6
250 2%‘ 25,9
231
.{lﬂ
20,0200
75,
14,7
7491150
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7.0 /0
73 59
31 ( ‘
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Temmepatypa HapyXHOTO Bo31ayxa, °C

— TeMIlepaTypa BO3yXa Ha BBIXOJIE U3 LIEJIEBOT0 KaHaja JUlsl 31aHus
¢ TepMopeHoBanuei, °C;

== _ 10 xe 6e3 TepMopeHoBalyy, °C

Puc. 8. 3aBucuMOCTb TeMIIepaTypbl BO3yXa Ha BBIXOJE U3 BO3LYyXOIPUEMHOI0 KaHaa
OT TeMIIepaTypsl HApY>KHOTO BO3/yXa MIPH Pa3HOM YPOBHE yTEIICHH 30aHUs

Fig. 8. Dependence of air temperature at the outlet of air intake duct on the outside air temperature
at different levels of building insulation
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[Ipu TeMmmepaTypax HapyXHOTO BO3IyXa
ot (-1,9) °C u BBImEe 118 000WX 3[aHUN IOTpPEB
BO3/yXa IOCJE MIEJIEBOT0 KaHajia BOBCE HE Tpedy-
ercs. Kak Oblio otMeueHo B [12], ais Hemomyie-
HUS TIeperpeBa MOMEIeHU B TIEPUOJIBI, KOT/Ia He
TpeOyeTcst TOTpeB BO3yXa IMOCIe MISIEBOTO KaHa-
7a, yAaleHue 3arps3HeHHOr0 BO3yXa U3 MmoMele-
HUH CIleflyeT MPOHU3BOJIUTH 10 Pe3epPBUPOBAHHBIM
BEHTWISIIIUOHHBIM IaxTaM 0e3 YTWIHM3alud Terl-
JOTHl YIAIsIeMOTO BO3AyXa B TEIUIOOOMEHHHKE
«tpyba B TpyOe» NPUTOYHO-BBITSKHOW MIaXTHI
B ToM cnyuae, ecinu ycTpOWCTBO JOMOJIHUTENBHO-
ro TMoJOTpeBa BO3AyXa 3a/JIeHCTBOBAaHO HE OyzerT,
BEPXHUM TEeMIIEpaTyPHBIM IPEIEIIOM I Harpena
MPUTOYHOTO BO3JlyXa B TEIUIOOOMEHHHKE, Pacro-
JIOKEHHOM B TPUTOYHO-BBITSKHOHN IIaxTe, Oymer
TeMIepaTypa BBITSDKHOTO BO3AyXa, YIAIIEMOTO U3
MIOMEILEHUM.

[Ipu nBMXEHUN TIO BO3AYXOIPHEMHOMY KaHAITy
TEeMIepaTypa BO3yXa IMOBBIMIAETCS U B KaKOH-TO
MOMEHT CTaHOBHTCS BEINIE, Y€M TeMIIepaTypa Io-
BEPXHOCTH CTEHHI 31aHus [12] (ans paccmarpuBa-
E€MOTO JCBSATUITAKHOTO 3MIaHUS DTO MPOUCXOIUT
Ha ypoBHe 3—5 sTaxkei). [Ipm »TOM HampaBicHHE
KOHBEKTHUBHOTO TEILJIOBOTO IMOTOKA MEHSETCS Ha
MIPOTHBOIIOJIOXKHOE, B PE3YNIbTaTe Yero BO3AYX MPH
JIBUKCHUW BHU3 HAYMHACT OXJIAXKJAThCS, OTIaBas
CTEHE TEIUIOTY B XO0JI¢ KOHBEKTHBHOTO TEII000-
MeHa. BenmnunHa pe3ynbTHPYIONIEro MOTOKa Terl-
JIOBOM JHEPruH, MEPEHOCUMON H3ITyUYCHHUEM,
YMEHbBIIAETCS MeIJICHHEee, YeM BEeIIMYHHA TEerlIo-
BOTO IIOTOKa, OOYCIIOBJICHHOTO KOHBEKTHBHBIM
TEIJIOOOMEHOM, W IS 37aHus 0e3 TepMOpeHOBa-
nuu okaspiBaeTcs Ha 0,5-1,3 % MeHbIne, yem s
3IaHUsl C TepMOpeHOoBanuel (MEHbBINE 3HAYCHUS
COOTBETCTBYIOT 0oJiee BBICOKAM TeMIIEpaTypam
Hapy>KHOTO W IMOJOTPEBAEMOr0 B IIEICBOM KaHAJE
BO3/yXa, U HA000POT).

Bo Bcem mmamazone TemmepaTyp Hapy>KHOTO
BO3/lyXa B OTONMTENbHBIN MEPUOJ MPU YCTOMUHU-
BOM COJIHEYHOM OOJYYCHHU BEJIUYMHA KOHBEK-
THUBHOTO IOTOKA OT BO3[yXa B IIEJIEBOM KaHaJe K
MOBEPXHOCTH cTeHbl 3naHua B 1,07-1,34 paza
OoJpIe ISt 3aHKS ¢ TEPMOPEHOBAIUEH, YeM IS
3manus 0e3 Hee (puc. 9, 10), MOCKONBKY BCTpeEU-
HBIN TEIUIOBOM MOTOK OT CTCHBI 37aHus 0e3 TepMo-
pEHOBAIIMH YACTUYHO CHIDKAET HWHTECHCHUBHOCTH
OXJIQXKJICHUS BO3AyXa y MOBEPXHOCTHU 3TON CTEHBI
(MeHbIITME 3HAYEHHUS COOTBETCTBYIOT OOJiee BHICO-

Hayka
wrexHuka. T. 21, Ne 2 (2022)

KHM TeMIIepaTypaM Hapy>KHOTO H IOJIOTPEBAEMOTO
B IIEJIEBOM KaHaJle BO3yXa, U HA000POT).

DTax

I110THOCTH KOHBEKTUBHOIO
noroka, Br/m>

Puc. 9. VI3MeHeHHe IUIOTHOCTH KOHBEKTHBHOTO [IOTOKA
B BO3/LyXOIIPHEMHOM KaHalle OT BO3/lyXa K CTCHE II0 3TaKaM
HPH HATMYUH COJTHEYHOTO OOIyUeHUS JUISl 3aHNS
C TEPMOpPEHOBALUEH: —é— — IIPU TeMIepaTypax
MuHyc 2622 °C; —munyc 17,9-14,0 °C;

—k— —Mmunyc 9,9-6,0 °C; —— —ot munyc 1,9 no mmoc 2,0 °C;
—a— — munyc 21,9-18,0 °C; —wmunyc 13,9-10,0 °C;
—e— — MuHyc 5,9-2,0 °C; —=— —or moc 2,1 no mwoc 8,0 °C
Fig. 9. Changes in density of convective flow in air intake
duct from air to wall along the floors of the building
in the presence of solar irradiation for a building with thermal
renovation: —— — at temperatures of minus 26-22 °C;

—minus 17.9-14.0 °C; —x— —minus 9.9-6.0 °C;
—I— — from minus 1.9 to plus 2.0 °C; —s— — minus 21.9-18.0 °C;
—minus 13.9-10.0 °C; —e— — minus 5.9-2.0 °C;
—s— — from plus 2.1 to plus 8.0 °C

DTax
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Puc. 10. I3mMeHeHNe ITIOTHOCTH KOHBEKTHMBHOT'O IIOTOKA
B BO3/IyXOIPHEMHOM KaHAJIC OT BO3/IyXa K CTCHE IO STaKaM
MIPY HAJTMYHMU COJTHEYHOTO OOMYUCHUS IS 371aHuUs
0e3 TepMopeHoBaIy (0003HaYSHHUS T€ )K€, YTO Ha pHc. 9)

Fig. 10. Change in density of convective flow
in air intake duct from air to wall along the floors
of the building in the presence of solar irradiation

for a building without thermal renovation
(the designations are the same as in Fig. 9)
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Ha puc. 11 noka3zaHo H3MEHEHUE BEIMYUH
BO3MOXKHOM SKOHOMHU 3HEPTUU Ha HYXKIBI OTOII-
JeHWsT WM BEHTWIALWW 3JaHus 3a cYeT paboThl
MpeyIaracMoi CUCTEMbI BEHTWIALUHU (TPU HaJIU-
YUH YCTOWYMUBOTO COJIHEYHOTO OOJy4YeHHs) W 3a-
TpaT SHEPTrUU Ha HYXKJIbl OTOIUICHUS W BEHTHUIIS-
muu (B cilydae OTCYTCTBHSI WJIM HEBO3MOXXHOCTH
UCIOJIb30BAHKUS BTOPHUYHBIX M BO300HOBJISEMBIX
WCTOYHUKOB PHEPTHHU JIJIS HYXKJ OTOTUICHUS U BEH-
THISIIIAY) B 3aBICHMOCTH OT TEMIIepaTyphl Hapy K-
HOTO BO3/lyXa IS 3MaHUs 0e3 TepMOPEHOBAIUU
OTPKAAIOIMNX KOHCTPYKIMHA W COBPEMEHHOTO
31aHuA (C TEPMOPEHOBALIMEH).

IIpu yCcTOWYMBOM CONHEYHOM OOJIy4YEHHH 37a-
HUS TpejyiaraeMas CHUCTeMa BEHTHIISAIMH OyaeT
o0ecrneunBaTh PACUYCTHYIO TEMIIEpaTypy IpPUTOY-
HOTO BO3Ayxa 0e3 HEOOXOAMMOCTH HCIIOJb30Ba-
HUS JIOTIOJIHUTENIbHBIX (ITUKOBBIX) YCTPOHCTB IIO-
JIOTpeBa TpU TEeMIIepaTypax HapyXKHOTO BO3IyXa
ot (-1,9) °C u BBIIE B 3MaHWH C TEPMOPEHOBA-
mueit u or (+2,1) °C u Bbllie B 37aHUHM O€3 Hee.
DOTOMy 0OCTOSITEIHCTBY COOTBETCTBYET BEITMUIHHA
MaKCUMaJbHOH TEOPETUYECKOH 3KOHOMHH DSHEp-
TUM Ha HYXXABl OTOIUICHWS W BEHTWIALUU TpHU
pabote mpenaraeMoil CHUCTEMbl BEHTWIALUU —
0oJIbIIIeH, YeM 3aTpaThl Ha T€ K€ HYXKIbl B TpaIu-
[IMOHHBIX CUCTEMAaX OTOIUICHUS U BEHTHIISAIUH TIPU
TeMIlepaTypax HapykHOro Bo3ayxa oT (—1,9) °C
U BBIIIE JUIS 3JIaHUS C TEPMOPCHOBAIMEH U
ot (+2,1) °C u BBIIIE A1 31aHUS O€3 Hee.

[Ipu Temmeparypax HapyXHOTO BO3JayXa
ot (—14) °C n HmKe A7 3MaHKs C TepMOPEHOBaIEH
u ot (-10) °C u Hmxe i 3naHus 0e3 Hee OTCYT-
CTBYET PKOHOMHYCCKUH 3 (EKT 3a CUET MCIIONIB30-

BaHUsI TETUIOBOM SHEPTUM BO30OHOBISIEMBIX U BTO-
PHYHBIX HUCTOYHUKOB (COJIHEUHOE HU3JIyueHHE, TEll-
JIOTa YAAIIEMOTo BO3yXa) B MpeJlaraeMoi CHCTe-
ME€ BCHTWIAIMUA. B 3TH mepuojsl HOPMHUpPYEMBbIC
YCIIOBUSI MUKPOKJIMMATa JOJDKHBI OOeCTIeYnBaThCS
32 CUET BKIIIOYCHUS YCTPONCTB JOMOJHUTEIBHOIO
MOJIOTPEBa BO3IyXa B paccMaTphBaeMOMN CHCTEMeE
BEHTWJIALIMK, JIMOO 3a CYET BKIIIOYECHHS B PadOTy
TPaJUIIMOHHON CUCTEMBI BOASHOTO OTOTUICHHS.

MaxkcuMalnbHbIE 3aTpaThl SHEPTUU HA HYKIBI
OTOIUICHUS ¥ BEHTWISIIIUA B OTONMUTEIbHBINA TEpH-
Ol B JOMax C TPaIWIMOHHBIMH HCTOYHUKAMHU
SHEPrUM WIU B Cly4ac MOJHOTO OTCYTCTBHUS COJI-
HEYHOTO OOJydeHHUs B 3[aHUAX C MpeiaraeMoin
CHCTEMOM BEHTWIANUU cocTaBiaoT 14,71 I'kan
(1165,00 6en. py0.) mpu HOPMHUPYEMOM YpPOBHE
yremenuss u 20,21 I'kan (1599,30 Gen. py6.) B
3maHusSX 0e3 TepMopeHoBamwH (T. €. JUIS JJOMOB
C HEJOCTAaTOYHBIM YPOBHEM TEIUIOBOM 3allUThHI
3aTpathl DHEPTUH Ha HYXAbl OTOIUICHHWS W BEH-
TWISIIAKA TONy4Ymuch B 1,37 paza Ooiblie, dem
C HOPMAaTHUBHBIM YPOBHEM YTETICHIS).

B 3nmanusix ke ¢ mpejyiaraeMoii CUCTEeMO BEHTH-
JISIIAK B CJTydYae HAJMYHUSI YCTOMYHMBOTO COJTHEYHOTO
OOJIydeHUs] MaKcUMallbHasi SKOHOMUS JHEPIMH Ha
HYJIbl OTOIJICHUSI ¥ BEHTUJISALMKA B OTONMUTEIbHBIN
nepuop cocraBmwna 12,40 I'kan (981,60 Gen. py0.)
IIpY HOPMHUPYEMOM YpoBHE yTeruienus u 6,30 ['kan
(499,16 Gen. py6.) B 3maHusx 0e3 TepMOpPEHOBa-
uuu (T. €. Ui JOMOB C HEJIOCTaTOYHBIM YPOBHEM
TEIUIOBOM 3allUThl SKOHOMHUS 3HEPTUU Ha HYKIbI
OTOIUICHUS ¥ BEHTWISIIIUA B OTONHUTEIHHBIN TepH-
on mony4miachk B 1,97 paza MeHbIIE, 4YeM B JIOMax
C HOPMATHUBHBIM YPOBHEM YTCILICHHS).

\Qj QM\
/
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Temneparypa HapyKHOTo Bo3nyxa, °C

@=g== — BO3MOIKHasI JKOHOMHUS OHEPIrvuu Ha OTOIUJICHHUE, Fkan, 3a OTONUTEIBHBIN nepuoq o 3JaHus 6e3 TEPMOPEHOBAUH,

@=fil= — BO3MO>KHbIE 3aTpaThl HA OTOIJICHHUE, FK&H, 3a OTOMHUTEIHHBIN nepuoa s 3MaHus 6e3 TEPMOpPEHOBALINU;

== — BO3MOJXHAsI 5)KOHOMHS YHEPTUH HA OTOILICHHE, I'Kaj, 32 OTONMUTEIbHBIN IepHo ] A7 31aHHUs C TEPMOPEHOBALUE;

e=jil= — BO3MOJXHBIE 3aTPaThl HA OTOILICHHE, ] 'Kas, 32 OTOMUTENbHBIN IepHO ] I/ 31aHHUS C TEPMOpPEHOBaLHeil

Puc. 11. Bo3MOXHBIC SKOHOMUS U 3aTpaThbl SHCPTUHN HA HYK/bI OTOIJICHUS U BEHTHUIIAIUU 3a OTOIHUTENHHBII nepuon
B pacye€Te Ha OJHY COJHUCIPUEMHYIO MAHEJIb JACBATH TUIIOBLIX XXWUJIBIX KOMHAT IIPU Pa3HbIX YPOBHAX YTCIUICHUA 31aHUA

Fig. 11. Possible savings and energy costs for heating and ventilation during the heating period
per one solar panel of nine typical living rooms at different levels of building insulation
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MaxkcumalibHasi TEOpEeTUYeCKas BEIUYMHA KO-
HOMHMHU TEIUIOBOM OHEPrurv Ha HYXIbl OTOIIJICHUA
¥ BEHTHIIAIIUH 32 CUET pPabOTHI MpeajaraeMon cu-
CTeMBl BEHTWIIUN TP HAIWYHNA yCTONYHNBOTO
COJTHEYHOTO OOJIYYEeHHUs B TE€UCHHE OTOIMUTEIHHOTO
nepuoaa cocrasuna 84,3 % oOT 3aTpaT TEmJIOBOMH
SHEPTHH B TPAJUIIMOHHBIX CUCTEMAaxX OTOIUICHUS U
BEHTWISIIIUN aHAIOTHMYHOTO 37aHus (C TePMOPEHO-
Barueil) u 31,2 % mo 3maHuio 6e3 TepMOpeHOoBa-
nuu. PeanbHas jke SKOHOMHS B pacueTe Ha OJHY
COITHIIETIPUEMHYIO TTaHEeNb JIEBATH THUIIOBBIX JKH-
JIbIX KOMHAT 32 385 4 comHeyHoro cusHus (1o Ilo-
JIOLIKY) B TEUEHUE OTOIMUTEIHHOIO TIEPUOJIa OKa3a-
macey 0,97 T'xkanm (76,72 Gen. py6.) mis 3maHus
¢ HopmupyeMbiM u 0,49 I'kanm (39,01 Gen. py0.)
C HEJOCTaTOYHBIM YypOBHEM yTeIuleHus. Taxum
0o0pa3oM, 4eM BHIIIE YPOBEHb TETJIOBOW 3allUTHI
HAPYKHBIX OTPAKIAMOIIUX KOHCTPYKIUHN 31aHus,
TeM OOJIbIIe BEIMYMHA SKOHOMHHU DSHEPTHUM Ha
HYXbI OTOIUVICHUA W BEHTHUJIALUK 3a CUCT paGOTBI
TpeIaraeMoil CHCTEMBl BEHTHJISIIIMM W COOTBET-
CTBEHHO BBIIIE SKOHOMHYECKAs [IEJIeCO00Pa3HOCTh
ee BHeApeHus. B ciydae mpuMeHeHHs mpesarae-
MOW CHCTEMBI BEHTWIALIUM OHAa OyneT paboTaTh
SKOHOMHUYHEE B J[Ba pa3a Ui 37aHUs C HOPMUPYE-
MBIM YPOBHEM TEIUIOBOW 3allIMThI, YEM JIJIsl aHAJIO-
TUYHOTO 10 TUIAHUPOBOYHOW CTPYKType 3HaHUs
nocTtpoitku 10 1993 r. To ecTs parmOHAIBHBIM H
SKOHOMHUYECKH IeIeCO00pa3HbIM CIIOCOOOM TIO-
BBIIIICHUS SHEPT03(PPEKTUBHOCTH SBISICTCS TOJIBKO
COUYCTAaHWE PA3IMYHBIX KOHCTPYKTUBHBIX, WHXKE-
HEPHBIX U apXUTEKTYPHO-IIJIAHUPOBOYHBIX MEPO-
npusataii [43]. Hampumep, yBemmdeHne TeIio3a-
HIUTHBIX CBOMCTB OTPaXJAIOIINX KOHCTPYKIUN
MIPH OJTHOBPEMEHHOM HCIOJIb30BaHUH COBPEMEH-
HBIX WHXXCHEPHBIX JHEProcOeperaronux MeTOI0B
U TEXHOJIOTUM B COYETAaHUM C KOMIIAKTHOU (hop-
MOH U MJIAHUPOBKOW 37aHUA.

BbIBO/IbI

1. B pe3ynbTate MpOBEACHHBIX HUCCIEAOBAHUM
YCTAaHOBJICHO, YTO COKpAILlEHHE MOTpeOIeHUs Tell-
JIOBOM 3HEPTUHU Ha HYXIbl OTOMJIEHHUS U BEHTHIIA-
UM 31aHui KUIoro ¢ponaa Pecnyonuku benapych
3a CYeT TEIUIOBOM peadMInTaliM MX Orpa)aaro-
LIUX KOHCTPYKIMH A0 YPOBHS, COOTBETCTBYIOLIETO
JEHCTBYIOLIUM HOpPMaM TEIJIOBOW YCTOMYMBOCTH,
HE SIBISICTC HSKOHOMHUYECKH S(PQPEKTHBHBIM IO
MIPUYUHE JJINTENBHOCTH CPOKOB OKYIaeMOCTH 3a-
TpaT Ha TEIJIOBYI0 pPEaOMINTAINIO, TTOCKOJIBKY
JEWCTBYIONIME IS HACEJIIEHUsST Tapu(bl HA TEILIO-
BYIO JHEPIHIO, NOJIy4aeMyl0 OT LEHTPaIM30BaH-
HBIX HCTOYHUKOB, BCE €Ille HE MOKPBIBAIOT SKOHO-
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MUYECKH 0OOCHOBAaHHBIX 3aTPaT Ha €€ TeHEepaIUio
U TPAHCTIOPTHPOBKY.

2. C ucmonp30BaHUEM pa3pabOTaHHOTO aBTO-
paMH MeETOJla TEXHHUKO-3KOHOMHYECKOI0 pacye-
Ta YCTaHOBOK C TEIUIOOOMEHHBIMH arapaTraMu
PEKyIEepaTUBHOTO THUIA HCCIEIOBAHBI PEKHUMBI
SKCILTyaTallld MPEI0KEHHON IIeHTPaIn30BaHHOM
MPUTOYHO-BBITSHKHOM CHUCTEMBI OpraHM30BaHHOU
BEHTWISIMH, B KOTOPOW IOJOrPEB MPUTOUYHOTO
BO3/yXa OCYIIECTBISIETCA 3a CYET TEIUIOTHl COJI-
HEYHOT'0 M3IY4YEHUS U TEIUIOTHI yAAJISIEMOTO U3 MO-
MeEIIeHUH Bo3ayXa.

3. YCcTaHOBIEHO BIUSHUE TEPMUUECKUX COIPO-
THUBJICHUH OrpakAAarolIMX KOHCTPYKUUW 3[IaHUs HA
MoKa3arelid TEPMOJUHAMUYECKOW U 3KOHOMHUYE-
CKOl 3P (HEKTUBHOCTH PACCMOTPEHHOW CHCTEMBI
BECHTUJISIINAM.

4. OnpeneneHsl KIMMATUYECKUE YCIOBHS, TpU
KOTOPBIX YTHJIM3AIUSl TEIUIOTHl yAAIseMOro BO3-
IyXa B TMpeIaracéMoil CHCTeME BEHTIUIAIIMH TEX-
HAYECKH OTpaBliaHa M SKOHOMHYECKH IIeJIec000-
pa3Ha.

5. Pe3ynbpTaThl BBIIOJHEHHBIX HCCIEIOBAHUN
MOTYT OBITh HCIIOJIb30BaHBI MIPH OMPEACICHUU TTy-
TE€W TEIJIOBOM MOJEpPHU3ALMU 3[aHU C TpaaHLU-
OHHBIMH CHCTEMAaMU OTOILJICHHS U BEHTHIISIUH.
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Pedepar. Paccmorpena 3a71aua ONTHMHU3ALIK IAPHUPHO OIEPTHIX KENe300€TOHHBIX NPSIMOYTOIbHBIX IIAKUX U PeOPUCTBIX
mut. CTaTUYeCKUi pacueT ILUIUT BBINOJIHEH C UCIIOJIb30BAHUEM METO/a KOHEUHBIX 3JIEMEHTOB. Mojenb MOoCTpoeHa U3 Ips-
MOYTOJIHBIX KOHEUHBIX DJIEMEHTOB, COJEPIKAllMX MO YeThIPe y3ja U MMEIOINX ABEHaIuaTh crerneHell cBobonbsl. Harpyska
MpEJCTaBIeHa B BHJE Y3JIOBBIX BEPTHKAIbHBIX CHI. {1 yueTa HelMMHEHHOCTH 1e)OPMUPOBAHUS KENE300€TOHA KOHEUHbIE
9JIEMEHTHI TPHHSATHI KaK HEOJHOPOAHBIC MHOTOCIOHHBIE IIACTHHBL. MOmysh YHPYTOCTH H3MEHSUICSA IO THUIEPOOIMIecKOn
3aBucuMoctu. OnpeneneHue HapsHKEHHO-Ie(OPMHPOBAHHOTO COCTOSIHHUS BBIIIOJHEHO HUTEPAlMOHHBEIM criocobom. [l om-
TUMM3ALUK UCIOIb30BaH METOJ] COKPAILEHHUs] PECypcoB IO NMPOYHOCTH, KECTKOCTU M PACKPBITHIO TPELIUH C I'paJUeHTHBIM
CITyCKOM 10 TpaHuIIe JI0IycKaeMoii obiacTu. B kauecTBe 1eneBbIX QYHKINH NPUHATH CTOMMOCTh MaTepHala, 3aTPaueHHOro
Ha M3TOTOBJIEHHE IUIMTHI, M 00beM OeToHa. IlocTaBIeHBI OrpaHHYEHUs MO MPOYHOCTH, SKECTKOCTH WM IIHPHHE PACKPBITHS
TpemyH. [lyTeM ckaHMpOBaHWS YCTAQHOBJIICHBI I'PAHHIBI JOIYCTUMOH OOJIACTH ITOMCKA ONTHUMAIBFHOTO PEUICHHsS, NMEIOIHe
KpHUBOJIMHENHOe ouepTaHue. Ilo pe3ynpTaTam pacuera MOIydeHbI TPAeKTOPHM ABMKEHUS MOMCKA ONTUMATIBHOTO PEUICHHS.
[IpuBenens! mpuMepHl M HalICHbl ONTHMAIBHBIE PENICHHS ITPU PA3TMIHBIX CTAPTOBBIX TOYKAX. YCTAHOBJIEHO, UTO JUIS MPH-
HATBIX YCJIOBUH 3aJja4d SKCTPEMaJbHBIC TOUKH PACIIOIaraloTcsl BOJIM3M IPaHUIl JOoImyckaeMoi obmactu. CKOpOCTh rpaJueHT-
HOI'O CIlyCKa M DPAacHOJI0)KEHHE CTapTOBBIX TOUEK HE OKAa3bIBAIOT CYIIECTBEHHOI'O BIMSHUS Ha pe3yibTaThl. B cBs3u
C TeM 4YTO LeneBas (QYHKIMS MOXKET MMETh HECKOJIbKO MHHHMYMOB, MPEMIOKEH CIOCOO MOHCKa TI00alTbHOTO MHHUMYyMa
MpeBapUTEILHBIM CKAHMPOBAaHUEM M aHATH30M 3HAUCHUH 3KcTpeMyMoB. [loaATBep kieHO, 4TO IpHIMEHIeMbIH MeTox obecre-
9uBaeT CTaOMILHOCTh ONTHMAIBHOTO PEIICHHSI.

KiioueBble cJj10Ba: ONTUMHU3ALMS, JKEI€300€TOH, NPSAMOYTOJIbHbIC IUIMTHI, IPAAUECHTHBIH CIIyCK, COKpPAIICHHE PECcypCoB,
MIPOYHOCTb, KECTKOCTh, KOHEYHBIE DJIEMEHTBI
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Optimization of Rectangular Articulated Reinforced Concrete Smooth
and Ribbed Slabs Using Resource Reduction Method

O. L. Verbitskaya", L. I. Shevchuk”

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The paper considers the optimization problem of hinged reinforced concrete rectangular smooth and ribbed slabs.
The static calculation of the slabs has been performed while using the finite element method. The model is built from rectan-

gular finite elements containing four nodes each and having twelve degrees of freedom. The load is presented in the form of
nodal vertical forces. To take into account the nonlinearity of the deformation of reinforced concrete, the finite elements
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are taken as inhomogeneous multilayer plates. The modulus of elasticity changed according to the hyperbolic dependence.
The determination of the stress-strain state has been carried out by the iterative method. For optimization, a method has been
used to reduce resources for strength, stiffness, and crack opening with gradient descent along the boundary of the allowable
area. The cost of the material spent on the manufacture of the slab and the volume of concrete are taken as objective functions.
Restrictions on strength, stiffness and width of cracks are set. By scanning, the boundaries of the admissible search area for
the optimal solution are set; the boundary of this region has a curvilinear outline. According to the results of the calculation,
the trajectories of the search for optimal solution are obtained. Examples are given and optimal solutions are found for various
starting points. It has been established that for the accepted conditions of the problem, the extreme points are located near
the boundaries of the admissible region. The speed of gradient descent and the location of the starting points do not signifi-
cantly affect the results. Due to the fact that the objective function can have several minima, a method is proposed to search
for a global minimum by preliminary scanning and analysis of extrema values. It is confirmed that the applied method ensures
the stability of the optimal solution.

Keywords: optimization, reinforced concrete, rectangular slabs, gradient descent, resource reduction, strength, rigidity, finite
elements

For citation: Verbitskaya O. L., Shevchuk L. I. (2022) Optimization of Rectangular Articulated Reinforced Concrete Smooth
and Ribbed Slabs Using Resource Reduction Method. Science and Technique. 21 (2), 129—133. https://doi.org/10.21122/
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BBenenue

B npoMBIIIIEHHOM CTPOUTENBCTBE NMPHU yCTa-
HOBKE TEXHOJIOTHYECKOTO OOOPYIOBAaHHS 4YacTo
TpeOyeTcs OTCTYNaTh OT TUIOBBIX KOHCTPYKITUH 1
yCTpauBaTh Ha OTJENBHBIX y4acTKaX MOHOJIUTHBIC
nepekpbiTus. Ilpu 3TOM HyX)HO pa3pabaTbIBaTh
KOHCTPYKIIMIO MOHOJIMTHBIX TUINT, BEIOUpasi Bapu-
aHTBl C HajguuueM peldep WIM HX OTCYTCTBHEM.
ApMHpOBaHHE TUTUT, pa3Mepbl X pedep M TOIIIH-
Ha JIOJDKHBI COOTBETCTBOBATH TPEOOBAHHUAM M pe-
KOMEH/JIAIUsIM CTPOUTENbHBIX HOpM PecryOmuku
benapych. YcTaHOBIIEHO, YTO XKECTKOCTh KEJIE30-
OCTOHHBIX IUINT HEJIWHEHHO 3aBUCHUT OT HAarpys-
ku [1]. CoracHO UCCIEI0BaHUAM, KEIe300€TOHHbIC
IUTUTH IeOPMHUPYIOTCS HENMHEHHO, YTO CKa3biBa-
eTcs Ha XapaKTepe paclpe/ieIeHIsI BHyTPEHHUX CHIT
B HUX. OOpazoBaHKe U pa3BUTHE TPEIIUH TOXKE OKa-
3BIBAIOT BIIMSIHUAE HA BEIMYMHY IPOTHOOB TUIHT.

C nmomomrpio oadopa TONMIKMHBL TUIUTHL U BBI-
COTBI pebep MOXXHO TONYYHTH ONTHMAIBHYIO
KOHCTPYKIUIO. J[JIs1 3TOTO B CTaThe HCIOIB30BaH
METOJ] ONTHMHU3AINU COKpAIEHHS pPEeCcypcoB U
TPaJUeHTHOTO cIlycKa 1o rpanune [2, 3]. Paccmor-
peHBI J1Ba IpUMepa MO ONTUMHU3AIIH TPIMOYTOIIb-
HBIX JK€JI€300€TOHHBIX TITUT.

CraTnyeckuii pacyer IJIUTHI

CraTudeckuil pacder XKele300€TOHHOM ITTUTHI
BEBITIOJTHEH METOJIOM KOHEYHBIX 3JIEMEHTOB [4, 5].
Pacuernas Monenh MINTHI TOCTPOEHA U3 COBOKYII-
HOCTH HECOBMECTHBIX HPSIMOYTOJbHBIX KOHEYHBIX
3JIEMEHTOB C YETBIPHMS y3JaMH M JIBEHAIIATHIO
crernensaMu cBoboanl. Koneunrslie 3eMeHTHI CBsI3a-
HBI IPYT C IPYTOM TOJIBKO B y3JIaX, ¥ TIO3TOMY SIB-
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JIAIOTCA HecoBMecTHbIMU [5]. IlnuTa mapHUpHO
OTMpaeTcs Mo KOHTYPY M paBHOMEPHO Harpy’keHa
pacnpezieieHHON Harpy3koi, KoTopas IpeJcTaB-
JIEHA CUCTEMOU BEPTUKAIBHBIX y3JIOBBIX CHIL.

W3BecTHO, 4TO XKene300eTOH MpU H3THOE Jie-
dbopMmupyeTcs TIO0 HEITMHEHHOMY 3aKOHY, HMEIO-
IEMY CIOXHBIA BUJI. B CBSI3UM C 3TUM KOHEUHBIE
3JIEMEHTHI NMPEACTABICHBl B BUAE /1 TOPU30HTAIIb-
HBIX CJIOEB, Ha y9aCcTKaX KOTOPBIX MOJIYJIH YIIPY-
TOCTH YTOYHSIOTCS B 3aBUCUMOCTH OT MOJIy9aeMbIX
HOpPMaJIbHBIX HampsokeHui. CTraTuueckui pacuer
TUTMTHl BBIMIOJTHEH HWTEPAIOHHO C MPHUMEHEHUEM
penaKcaluuu peleHu.

OnTuMHU3alMOHHBIN pacyeT

Jis momcka SKOHOMHYECKH BBITOJHOW TUIH-
THl TIPUMEHEH METO]l ONTHMH3ALUN COKpAIeHH-
€M PEecypcoB C TPaJHEHTHBIM CITyCKOM IO T'paHH-
ue [6, 7]. B kadectBe meneBoil (QyHKIUHM B3sATa
CTOMMOCTh MaTepuayioB (OE€TOHa W apMaTyphl),
3aTpauyeHHBIX Ha M3TOTOBJEHHE IUTHL. ONTHUMH-
3alMI0 BBINOJNHSJIM B TPEXMEPHOM MPOCTPAHCTBE,
KOOpJMHATAMH KOTOPOTO SIBJSUTUCH TOJIIMHA Ca-
MO TIOJIKY ¢, BEICOTa pedpa /4 | miomags apMary-
pot A,. To ecth mepeMeHHsbIe ¢, /1, A, — mapaMeTpbl
onrumuzanuu [8]. TpeOyercss MUHUMH3UPOBATH
dbyuaxkmmro C(z, h, Ay), KOTOpast B Ciiydac HaJTHIUS
IBYX pebep MoxkeT OBbITh INpeJCTaBiICHA KaK JIU-
HelHasl CIeAyIOero BUa:

C(t,h, A ))=C,a(bt+2bh)+2C, Aa, (1)

rne C, C, — CTOMMOCTh OETOHa W apMaryphl;
a, b — pa3Mmep IIUTHL B IIIaHe; ¢, h, b, — ToNMIMHA
IUTUTHI, BBICOTA W IIUpHHA pedep; Ay — MIIoImab
apMatyphl 10 MOTIEPEYHOMY CEUYCHUIO pedpa.
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fo SE<ts By <t<h._ . A

min max®> ‘m max ° s, min

<4, (2

TAC fmin, fmaxs Pmins Pmaxs Asmin — MUHUMAIBHO W
MaKCHMAJbHO JOIMYCTUMBIE 3HAYEHHUS TONIIWHBI
IUTATBHI, BBICOTHI pedpa W IUIOMAIU MPOJOTIHHOM
apMaTyphbl.

Taxxke CTaBUIIUCh OTPAHHYCHHS 110 MMPOYHOCTH
OeToHa

Ru - Gbeq = 0’ (3)

rae R, — pacyeTHOE COMPOTHBIICHUE OETOHA IUIH-
TBI; Gpoy — MAKCUMAJIBHOE SKBHBAJICHTHOE HaIIps-
JKEHHE B OETOHE.

OrpaHn4eHde MO MPOYHOCTH IIPOJOIBHOM ap-
Matypbl

R -o,, =0, (4)

rae R, — pacyeTHOe CONMPOTHBICHHE apMaTyphl
IUIMTBI;  Gyeq MaKCHUMaJbHOE SKBHBAJECHTHOE
HaIpsHKEHHUE B apMarype.

OrpaHuyeHue MO JKECTKOCTH IUIMTHI (IpO-
rudam)

W =T

max im

=0, (5)

rae Wiax, Wim — MakCUMaJIbHBIH M MaKCHUMAalabHO
JTOTTY CKaeMBIN TTPOTHOBI TUTHTEHI.

OrpaHuyeHue Mo MUPUHE PACKPBITUS TPELUIUH

Winax ™ Mim = O’ (6)

TJI€ Wmax, Wiim — MaKCHMaJIbHas W MaKCHMAaJIbLHO
JIOMyCTUMAas IIUPUHA PACKPBITUS TPEIIHH.

Henesas dyuxmus C(¢, h, A;) mpencTaBiseT co-
00l TIOCKOCTh B TPEXMEPHOM IIPOCTPAHCTBE, T0-
CTPOEHHOM Ha TapameTpax ONTHUMH3AINH f, /1, A,.
YcnoBus orpaHWYEHUsT HE MOTYT OBITH BBIPa’KEHBI
B SIBHOM BHJIE 4epes 1, h, A;, Tak KaK pacyeT ILTUTHI
BBITIONTHSITM YUCJICHHBIM MeToaoM. [loatomy mmst
MOUCKa ONTUMAJIBLHOIO PENIeHUs UCIIOJIb30BaIN Me-
TOJ TPaJUEHTHOrO citycka [9, 10]

(7

rae xl.kf 3HaYCHHE [-TO TapamMeTpa ONTHMH3AITUH,

TOJTY4EeHHOTO Ha k- UTepanuu; k — HOMep hTepa-
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1IUH; @; — KOOPQPHUIMESHT MOJMHOMA LIEIeBON (DyHK-
LUY; § — TIaT MPOJIBUKESHHS TOMCKOBOM TOYKH.

115t BBIMOIHEHHST ONTHMAJIBHOTO pacyeTa IJix-
THl OBUTa COCTaBJIEHA KOMITBIOTEPHAS MPOTrpaMma
Progress. B kauecTBe nprmMepa BBITOJHWIA ONTH-
MHU3AaLUUOHHBIA pacdyeT KBaApaTHOW IIAPHUPHO
OIIEPTON TIIA/IKOH 7kene300eTOHHOM TuTHI (puc. 1).
Ilnura apmupoBaHa CETKOH, pa3Mepbl KOTOPOH U
TOJIIIIMHY ompezensiia nmporpamma Progress B mpo-
Lecce ONTUMH3ALMOHHOrO pacyera. llpm 3ToMm
YUUTHIBATaCh HENWHEWHOCTh Ae(hOPMHUPOBAHUS JKe-
ne300eToHa pu U3ruoe.

Jns pacyera MmiMTH NPUHUMAIN CIETYIOLIHE
WCXO/IHbIE JaHHBIE:

— pa3Mephl INUTHI B IUIaHe axb =5,2x5,2 M;
TOJIIMHA 3aUTHOTrO cnosi C, = 25 MM; HWKHUHA
Ipeaesl TOJIIMHBI TUIUTBI Ay, = 60 MM; HYDKHUR
TpeieN TUTOIaa apMaTypbl Agmin = 50 MM2; MO-
IyJib yOpyroctu apmarypHoit ctanu Eg = 200 I'Tla;

— Moaynp ympyroctu Oerona E, = 38 ITla;
KO3 PUIMEHT momnepeyHor nedopManuu OeTo-
Ha v = 0,18; HHTEHCUBHOCTb PABHOMEPHO pacIpe-
neneHHoi Harpysku p = 4,0 kH/M”; croumocTs Ge-
tona C, = 78 py6./M u apmaryproii cetku C, =
= 2627 py0./T; nomycTUMbIH porud mutel Wy, =
= 25 MM; AOmycTHMas LIMPHHA PACKpPBITUS Tpe-
IUH Wi, = 0,40 MM; ko3 duiimeHT 6e30macHoCTH
o 6erony k, = 1,5.

Puc. 1. Crnomizas npsiIMOyToJibHas IUIUTA,
apMHpOBaHHAs CETKOM

Fig. 1. Solid rectangular slab
reinforced with mesh

ONTUMU3aLMOHHBIA pacyeT MO MporpaMme
Progress mokazan cnexyrome pesyibraTsl. llpu
Harpyske p =4,0 kH/M”> U IIOaau MOMepedHOro
ceueHHs apMmatypHoii cetku A, = 80 MM*/M TpeGy-
eMas TOJILMHA IUIUTHl B ONTHMAJIBHOM BapHaH-
Te 150 MM, 9TO COOTBETCTBYET apMaTypHOU CeT-
ke 5Bp1/100/5Bp1/100. CToMMOCTh MaTepualioB,
3aTpadeHHBIX Ha HW3TOTOBJIICHHE IUTUTHI, COCTABU-
na 405 py0.

Jiisi OLleHKH Halle)KHOCTH TPUMEHEHHOTO Me-
TOJa ONTHMHU3AIMH C COKpAILlEHUEM PECypCcOB pac-
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CMOTpEHA 3aj]a4ya ONTHMU3AIUN KBAJAPATHOHN IUIH-
ThI C PA3JIMYHOMN TOJIUHON €€ Y4acTKOB (puc. 2).

[lycte pa3Mep CTOpPOHBI KBaApaTHOW IUIH-
TH 6,2 M, Moxyns yupyroctu E = 20 I'Tla, xoad-
¢umment Ilyaccona v = 0,18. Cpennsiss Harpyska
coctapnster 10 kH/M® 1 cocpesioToueHa Ha pebpax
winThl. [IpUHATHL CleayrOIUe OTPAaHUYCHUS: JIU-
HeltHbIe Ay, = 11 oM, mo npounoctu R = 8,4 Mlla,
0 JKeCTKOCTH Wiy = 0,7 MM. Pebpa mmuTs apmu-
POBaHBI KapKacoM C JBYMs pa0OYMMH CTEPXKHS-
MU AUAMETpOM 12 MM KaxzAblid, a HOJKAa — CeT-
ko#t SBp1/100/5Bp1/100.

[TockonbKy cTaBHIACh 3ajada, UCIIONB3YS Me-
TOJI COKpallleHUS PEeCypcoB, ONTUMHU3UPOBATH
KBaJIpaTHYIO IUINTY IEPEMEHHOW >XECTKOCTH II0
ee oovemy V(hi, h;), CKaHMPOBAHHWE BBIMOIHSIN
TOJILKO IO JBYM TNapameTrpam /h; u hy. Tperuit
napaMeTp — apMaTypa — IpUHUMAIH, KaKk KOHCep-
BaTWBHBIA, W B TPOIIECCE TOMCKA ONTHMAILHOTO
pelieHuss He u3MeHsU. [Ipy 3TOM y4uTHIBAIU He-
JMHEHHBIN 3aK0H JepopMUpOBaHUs MaTepHraa TUTi-
ThI [1]. Momy b yIpyrocTH CTaBIIIA B 3aBUCUMOCTh
OT OTHOCHTEILHOH JIMHEHHOU AedopManiu €

®)

2 2
4E0 Ew gs .

2 27
EO - E?
YaIbHBIA MOIYJb YHIPYTOCTH; E; — (UKCHpOBaH-
HBI MOAYJb YIIPYTOCTH MPU OTHOCUTEIBHOMN Mpo-
JIONBHOU edopmanuu &;.

rane A — ko3pduueHt, A= E, — na-

b/3
v

/7]
b/3
m)
Y 7
b/3
b3 b/3 I

Puc. 2. IlpamoyroipHas ININTa IEPEMEHHOHN TOJIUHBL

Fig. 2. Rectangular plate of variable thickness

Pacuer BblmonHsiu mo mporpamme Progress.
B pe3ynbraTe CKkaHMpOBaHUS IMOJYYEHBI TPAHUIIBI
OTPAaHUYECHHM MO MPOYHOCTH G =R U XKECTKO-
ctu W= Wy, Taxke NoJlydeHbl Tpacchl MOMCKa
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ONTUMAJIBHOTO PEIIEHUS] TPU CTapTe W3 pasjind-
HBIX TOYEK JIOIYCTUMOM oOsactu (puc. 3).

0 10 20 a0 40 50

W = Wiim \ 4
. DL LI, ! [ =X Sa

. N
”?\E” “

40

50

Puc. 3. Pe3ynpTaThl CKAHHPOBAHUS U TPACCHI ITOUCKA
ONTHMAIILHOTO PEIIeHus o mporpamMme Progress

Fig. 3. Scan results and traces of the search
for the optimal solution using the Progress program

CxkanupoBaHue mokaszano (puc. 3), 4ro momy-
cTUMass O00JIaCTh OTpPaHWYCHA M 10 KECTKO-
ctu W= Wiy, 1 IPOYHOCTU G = R U UMEET A0CTa-
TOYHO CIOXHBIN BuU. [Ipu a3TOM 00€ TpaHUIEI T1e-
peceKaroTcsl — Ha OJHOM yYacTKe TPaHHILy OIpe-
JIENsIeT TIPOYHOCTh G = R, a Ha JPYyrOM — JKecT-
KocTh W= Wi, (puc. 3). Kak mokazanm pacyeTs
B Progress, ()mHaJI TOWCKOB PacIoONIOKEH B TOY-
kax Fy u F,. [IBe Tpaexkropuu S;—F; u S—F 3akan-
YUBAJUCh B OJHON (DMHABLHOM TOUKe F'j, KOTOpas
COOTBETCTBYET OJIHOMY M3 ONITUMAIILHBIX PEIICHUMA
¢ mapamerpamu sy = 11 cM u sy = 29 cM ipu 00b-
eme Gerona 10,42 M. J[Be Apyrue TpaeKTOPHH
noucka S;—f, u S;—F, 3aKaHYMBAIHNCH B JPYTroi
(mHANBHOW TOuYKe F,, COOTBETCTBYIOIICW OITH-
MaJbHOMY pEIIeHHI0 C IapaMeTpaMH ONTHMH3a-
i by =29 cM u b, = 12 cm npu oObeme Oeto-
Ha 13,71 M. B mepBoM cliydae HOMCK ONTHMAIb-
HOTO peIIeHHs OCTaHaBIUBAJICA Ha TpaHUlle G = R,
BO BTOpPOM — Ha rpanuue W= Wy, (puc. 3). Bto-
poe peleHre NCKITI0YaeTcsl, Tak KaK He MPUBOANT
K a0COJIIOTHOMY MHHAMYMY, a TIEPBOE MOXKET OBITH
MIPUHSATO KaK a0COIOTHBI MUHUMYM.

Ilo 3HaYeHHSAM, MMOITyYEHHBIM BO BTOPOM IPH-
Mepe, BUAHO, YTO CKaHUPOBAHHE IMO3BOISET OMpe-
JIENUTH TIPUMEPHOE TOJIOKEHHE a0COIFOTHOTO dKC-
TpemyMa. B pesynbpTaTe aHammza ompenensieTcs
KOJIMYECTBO CTAPTOBBIX TOUEK, KOTOPHIC JTOJKHBI
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o0ecreunBaTh MPOX0XKICHUE TPACCHI TOUCKA Yepes3
HaliIecHHble 30HBl M YTOYHEHHE ONTHUMAJIBHOTO
peuieHus. JlaHHBIA METOJl HAJEKHO TrapaHTUPYET
OIIpe/IeIeHNEe KOJIMYECTBA IKCTPEMYMOB II€IE€BOU
dynakuu V(hy, hy) 1 gaeT BO3MOXHOCTh IOJTyYe-
HUSl a0COMIOTHOTO MHHHMyMa. Takod crmocob Oy-
neT 3(¢(EeKTUBHBIM U TIPH PEIIeHUH 337a4 ¢ 00JIb-
IIMM KOJINYECTBOM ITapaMeTPOB ONTHMHU3AIINH.

BbIBO/IbI

1. TlocTpoeHa KOHEYHO-IJIEMEHTHas MOJIEIb
IIApPHUPHO OTEPTOH MPSAMOYTOIBHOHN Kenme300e-
TOHHOHM IUIUTHI C YYETOM HEIMHEWHOCTH aedop-
MHpOBaHUs OeToHa U 00pa3oBaHms TpeuH. [ mo-
Jy4eHUs] CTATUYECKOTO PEUICHHUS HCIOJIb30BaHbBI
KOHEYHO-3JICMCHTHAs MOJICNIb U WTEPAIlMOHHBIN
METO/I C PEJIAKCaLIUE.

2. Brimonnena 3aJada ONTUMH3AIUU IIPAMO-
YTOJILHOH TOIMIEPEYHO 3arpy>KEHHOM Kene300eToH-
HOHM TUMTHL. B KadecTBe meneBoil (yHKIIUW TIPH-
HUMAJIK CTOMMOCTD IUIUTHI B 00beM OeToHa. [[iist mo-
JyYEHUs PEUICHHUs] UCTIOIh30BAM METOJ ONTHMH-
3allMd  COKPAIEHHUS PEeCypcoB M TPaIUEHTHOTO
CITyCKa IO TPaHUIIE.

3. Ha nByX mpuMmepax pacCMOTPEHBI ONTHMU-
3amus JKeNe300eTOHHOW TUIMTHI W CKaHHPOBAaHUE
obOnactn TmoWcka pemeHus. l[lpuBeneH aHanu3
Tpacc TOWCKa PEIICHUS MPU Pa3IMYHBIX CTapTO-
BBIX TOYKax. J[aHBl peKOMeHJaluu TMOWCKa III0-
0albHOTO MWUHUMYMa M TIOATBEPXKICHA HAICK-
HOCTb IIPeJIaraeMoro MeToia ONTUMH3AIINH.
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Hcnoab3oBanue eMEHTOTPAHYJISAITA B IOPOKHOM CTPOMTEIHLCTBE
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Kanna. Texn. nayk, nou. C. H. 3uneBnu”, acn. A. K. Karomos”, unk. JI. M. KoBaes'

1)]Senopyccmm HAIIMOHAJIBHBIN TeXHUYeCKHi yHuBepcuTeT (MuHCK, Pecrryonnka benapycs)
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Pedepar. 13yyeHa BO3MOXKHOCTh NMPHMEHEHHs B NPOLIECCE CTPOMTEIBCTBA, PEKOHCTPYKLMH M PEMOHTa aBTOMOOHMIBHBIX
JIOpOT IIEMEHTOTPAHYJIATa — IMPOJAYKTa MepepaboTKH CTaporo IEeMEHTOOETOHA U Mycopa, 00pa3yromierocs Ipu CHOCE 3JaHuH
U coopyxeHHil. lcrnonb3oBaHME BTOPHUYHBIX MAaTepuajoB B JIOPOXKHOM OTpacid — OJUH W3 MCTOYHHKOB 3KOHOMHHU
HPUPOJHOTO CBIpbs. IIpH 3TOM pEUIAIOTCS JKOJOTHYECKHE MPOOIEMbl MOCPEACTBOM YTWIIM3ALMH CTapbIX OTPabOTAHHBIX
MaTepHatoB U KOHCTPYKIUH. VcciaenoBaB XxapakTepHCTHKH [EMEHTOIPaHyJIsITa, OIpeeleHa BO3MOXKHOCTE €r0 IPHMEHEHHS
JUISL YCTPOMCTBAa OCHOBAaHHH I10J] IOPOJKHBIE OJEKIIBI, a TAKXKE KaK 3aMCHHUTEINs IeOHs MPU M3rOTOBICHUHM OETOHHBIX IUTHT
COOpHBIX MOKpBITHIL. B IepBoM cilyyae HCIONB30BAHMS LEMEHTOTPaHYIATa 3((OEKTUBHBIM SBISETCS METOJ 3aKJIMHKH.
DKCIepUMEHTAIBHO MOATBEPKICHO, YTO OCTATKH [IEMEHTHOTO pacTBOpa Ha MOBEPXHOCTH 1IEOH, OBIBILIETO B YHOTPEOICHHUH,
CIOCOOCTBYIOT JIydIIeMy €ro 3aKIMHHBaHUIO, TEM CaMbIM CO3J/laBas Ooyiee NPOUYHBIA CIOH OcHOBaHMS. UTOOBI OLEHUTH
BO3MOJXHOCTb NPUMEHEHUsI [IEMEHTOTPaHyJIsITAa KaK 3aMEHUTENs IIeOHs IS N3rOTOBJICHHS OSTOHHBIX ITUT COOPHBIX MOKPBI-
THH, NPOBEJCHbI CTAHJAPTHBIC UCCIIEOBAHMS 3TOTO MaTepHana, MoJ00paH COCTaB IEMEHTOOETOHHONW CMECH, M3TOTOBJICHBI
U HCIIBITAHBI CTaHIAPTHBIE 00pa3nbl. Pe3yibTaThl SKCIEPHMEHTOB MOKAa3allH, YTO HCIIOIb30BAHHE IIEMEHTOTPAHYJISTa UL
TaKMX IeJell BIOJIHE JOMYCTHMO. B 9acTHOCTH, CpenHss NMPOYHOCTh OOpa3LoB B HCIBITAHHOW MapTHU OKa3alach paB-
Holt 45,13 Mlla, a rapantupyemas — 35,13 MIla, uro cooTBercTBYeT Kinaccy Oerona B35. JlaHHble moka3aTeiau IE€MOHCT-
PHPYIOT, YTO NMPUMEHEHHE LEMEHTOTPaHyJIATA BIOJIHE MOXKET ObITh BOCTPEOOBAHO NMPH CTPOUTENBCTBE M PEKOHCTPYKLHUH
MECTHBIX JOpor. B HacTosmiee Bpems, Kak H3BECTHO, BBIIOJIHSETCS IPOrpaMMa IO IMOBBIIICHHIO TPAHCIIOPTHO-IKCILIya-
TAalMOHHOI'0 YPOBHSI MECTHBIX JOPOr, a 3T0 — okoyio 70 Thic. kM. W 371€ch, KOHEUHO, NOTPeOYeTCsl OrPOMHOE KOJIUYECTBO
JIOPOXXHO-CTPOUTEJILHBIX MaTEPHAJIOB.

KiroueBble €J10Ba: [[EMEHTOIPAHYJISIT, OCHOBAHHE IMOJ JTOPOKHBIC OEKIBI, METO/ 3aKJIMHKH, OCTOHHBIC IUIHTHI, COOpHBIC
HOKPBITHSL, TOAOOP COCTaBa, IEMEHTOOETOHHAsI CMECh, LIEMEHTOOCTOH

Jnst uutupoBanusi: 3unesny, C. W. Vcnosnp3oBanue HeMeHTOrpaHysita B qopoxkHoM crpoutenbcrse / C. . SuneBud,
A. K. Katomos, JI. M. KoBanes // Hayka u mexuuxa. 2022. T. 21, Ne 2. C. 134-141. https://doi.org/10.21122/2227-1031-2022-
21-2-134-141

Use of Cement Granulate in Road Construction
S. I. Zinevich", A. K. Kayumov", D. M. Kovalyov"
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The possibility of using cement granulate, a product of processing old cement concrete and waste generated during
the demolition of buildings and structures, has been studied in the construction, reconstruction and repair of highways.
The use of recycled materials in the road industry is one of the sources of saving natural raw materials. In addition, the use
of waste solves environmental problems through the disposal of old waste materials and structures. Having completed the
study of cement granulate, the possibility of using it for the construction of foundations for road pavements, as well as
a substitute for crushed stone in the manufacture of concrete slabs of prefabricated coverings, has been determined. In the first
case of using cement granulate, the wedge method is effective. It has been experimentally confirmed that the remains
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of cement mortar on the surface of used crushed stone contribute to its better wedging, thereby creating a more durable base
layer. In order to assess the possibility of using cement granulate as a substitute for crushed stone for the manufacture
of prefabricated concrete slab, standard studies of this material were carried out, the composition of the cement concrete
mixture was selected, and standard samples were manufactured and tested. The test results have shown that the use of cement
granulate for such purposes is quite acceptable. In particular, the average strength of the samples in the tested batch turned
out to be 45.13 MPa and the guaranteed strength was 35.13 MPa, which corresponds to the B35 class of concrete. These
indicators demonstrate that the use of cement granulate may well be in demand in the construction and reconstruction of local
roads. At present, as it is known, a program is being implemented to improve the transport and operational level of local
roads, and this is about 70 thousand kilometers. And here, of course, a huge amount of road construction materials will
be required.

Keywords: cement granulate, bases for road pavements, wedge method, concrete slabs, prefabricated coverings, selection of
composition, cement-concrete mixture, cement concrete
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BBenenue

Bormpocsl oxpaHbl OKpY’Karolled Cpenbl IpH-
o0peTaroT BCe OOJIBINYI OCTPOTY B CBS3H C IPO-
JOJDKAIOIIMMCST  yBEJIMUeHHEM 00beMa OTXOIIOB
MPOM3BOJICTBA IMPOMBINUIEHHON M CTPOUTEIHHOU
WHAYCTPUH, KOTOPBIE B CBOK OYEPENb SIBISIOTCS
3arpsA3HUTEISIMHA SKOJIOTHH. Y4eT AaHHOTO (akTo-
pa CTaHOBUTCSI 0053aTEIIbHBIM YCIIOBUEM BO BCEX
00acTsX NeATEIbHOCTH YEIOBEKa, B TOM 4YHCIE
U B JIOPOXKHOM CTPOMTEILCTBE, TJe UMEeTCsa pe-
anpHas 0aza AN yTHIM3alWU KPYIMHOTOHHAKHBIX
OTXO/IOB.

Hcnonp30oBaHWe TNpu BBINOJIHEHUHM JIOPOXK-
HBIX CTPOUTEIBHO-PEMOHTHBIX paboT BTOPUYHOTO
CBIpbsl MO3BOJIAET 3HAYUTEIBHO CHU3UTH 3aTPaThl
Ha uX BbINONHEHME. [Ipu 3TOM eme yMmeHbIIaeTcs
HETaTHBHOE BO3JIEHCTBHE HA OKPYKAIOIIYIO Cpe-
ay [1-3].

LlemeHTOTpaHyJIAT — TMPOAYKT MepepadOTKU
pa3nuYHbIX Ae(EKTHBIX WIM OTPabOTaBIIMX CBOH
CPOK LIeMEHTOOETOHHBIX M3IENHA U CTPOUTEIHHO-
ro Mycopa, o0pa3oBaBLIErocsi Mpu pa30opke 3xa-
HUH, OETOHHBIX MOKPHITUH aBTOMOOMIIBHBIX JOPOT
1 B3JIETHO-TIOCaJ0YHBIX ITOJIOC a3poapoMoB. Takoe
celpse B bemapycu uMeeTcst B JOCTaTOYHOM KOJIU-
YecTBE Ha TMOJIMTOHAX TBEPABIX OBITOBBIX OTXOJIOB,
I7ie ero nepepabaThIBAIOT B IEMEHTOTPaHyJIAT [4].

IlockonbKy LIEMEHTOrpaHyJAT MONYy4aroT HU3-
MEJIbUEHUEM PA3INYHBIX U3AETUN 1 KOHCTPYKIMMH,
B HEM MOTYT BCTpEYarbCsl BKIIIOYEHHUS OHTOro
KHpIIM4a, KEpaMUYECKOM TUIMTKH, IpeBecHHsl. [1o-
3TOMY MPEXK]E YEM HCCIEN0BATh 3TOT MaTepUall Ha
MIPUTOJHOCTh K TOMY WJIM HHOMY JJIEMEHTY IOPO-
I', €r0 HEOOXOAMMO JIOTIOIHUTENBHO ITOATOTOBUTH
(OYMCTHUTH OT BO3MOXKHBIX IOCTOPOHHHUX BKJIIO-

[ Hayka
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yenmii). [lociie mpeaBapUTENBEHON IMOATOTOBKU
LEMEHTOTPaHyIAT HMMeJT BUA, NpPEACTaBICHHbIA
Ha puc. 1

Puc. 1. lleMeHTOIpaHyJIAT, UCTIOJIB3YEMBIN NP UCTIBITAHHUSIX

Fig. 1. Cement granulate used in testing

IleMeHTOrpaHyJIAT AJIsl YCTPOHCTBA
OCHOBAHUS IOPO:KHOT0 MOKPHITHS
M0 METOY 3aKJINHKHU

s ompeneneHus BO3MOXHOCTH HCIIONb30Ba-
HUS LEMEHTOTPaHyJIsITa BMECTO PUPOTHOTO 11e0-
Hs U3 TOPHBIX MOPOJ IPU YCTPONCTBE OCHOBAHUI
JOPOXKHBIX OJEKI IO METOAY 3aKJIMHKH OBbLIH
OTpe/ieNIeHbl 36pHOBOI COCTaB U MOJYJIb KPYIHO-
CTH 3TOrO Martepuana. Jlyis onpeaeneHust 3epHOBO-
IO COCTaBa LEMEHTOIPaHyJIsITa HPUMEHSIM CUTO-
Boii ananmm3 cornacHo ['OCT 8269.0 [5]. Ilocne
MPOCEMBAHMS MOJYYMIN 36pHOBON COCTaB IIEMEH-
TOTpaHyJIsITa, IPUBEACHHBIN B Ta0I. 1.

Monynp KpynHOCTH 3epeH M, cocraBuia 2,18.
CpaBHHUB TpaHyJIOMETPUYECKHE COCTABBI HCIIBITY-
eMBIX CMeced LEMEHTOrPaHyJsiTa U €ro MOIYyJb
KPYITHOCTH C TpeOOBaHMUSMH HOPMATHUBHBIX JTOKY-
MEHTOB, B YaCTHOCTH [6], MOXKHO CAENaTh BBHIBOJ,
yto ¢pakmuu 0—40 10 CBoeMy COCTaBy aHAJIOTHY-
HbI cMecsiM ¢ Homepamu C11 u C12 no [6].
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Tabnuya 1
3epHOBOIi COCTAaB LIEMEHTOrPaHYJISITA
Grain composition of cement granulate
YacTtHbil ocTaTok, %, ITosHe1id ocTaTok, %,
P asmep [IEMEHTOrpaHyJIsATa HpaKkiuu [IEMEHTOTpaHyIsTa QPaKIum
OTBEPCTHH CHTA, MM 110 20 MM 110 40 MM 110 20 MM 110 40 MM

40 0 5,69 0 5,69

30 0 0 0 5,69
20 1,00 34,57 1,00 40,26
15 26,27 22,78 27,27 63,04
10 30,97 15,58 58,24 78,62

5 26,97 11,29 85,21 89,91
2,5 5,29 4,20 90,51 94,11
1,25 2,70 1,90 93,21 96,00
0,63 1,60 0,90 94,81 96,90
0,315 1,60 1,10 96,40 98,00
0,14 1,10 1,40 97,40 99,40
0,071 1,60 0,40 99,00 99,80
<0,071 1,00 0,20 100,00 100,00

Bmecte ¢ TemM mo cBouMm cBoiicTBaM H3-3a
HaJIMYUsSl OCTaTKOB CTaporo pacTBOpa Ha MOBEPX-
HOCTH 3€pPEH OTH CMECH JOJDKHBI OTJINYAThCS.
W coBepiieHHO OYEBHIIHO, YTO TPU YIUIOTHEHUH
TaKOTO CJIOS C IENIbI0 €r0 3aKIMHKH 3(PQeKT 10I-
JKeH OBITh MHBIM, YeM y IICOHS M3 TOPHBIX MOPOJI,
He ObIBIIEro B ymoTpeOieHun. Jlus moaTBepxie-
HUSl JTaHHOTO TIPENIONIOKEHUSI B DKCIIEPUMEHTaX
s opMoBaHHs acharbTOOSTOHHBIX 00pa3IoB
WCTIOJh30BAIM METAUTUYECKHE IFIIMHAPBl JHa-
merpoM 100 MM, B KOTOpPBIX Ha HCHBITATEILHOM
npecce MOIIHOCTBIO 50 T 3aKIMHHUBAIU MICOCHb U3
1eMeHTorpanyssata gpaxiuit 0—40, a 3aTeM Takux
ke (pakmuii medeHs W3 TOPHBIX MOpPOA, He OBIB-
U B yIOTpeOIeHUH. Y CHITHE YIUTOTHEHUS W IS
OJTHOTO, U JUIS IPYTOro MeOHs OBLIO OTMHAKOBBIM.
[Tocne mocnenyromero BbIIABIMBAHHUS U3 IIHJIMH-
Jpa 3aKJIMHEHHOTO IICOHS TPU MCIBITAHUAX Ha
TOM e mpecce OBUIO YCTaHOBIICHO, YTO 3aKJIMHEH-
HEIN CJIOU M3 IIEMEHTOTpaHyJIsATa TpedyeT OobIe-
ro ycunust (Ha 15 %) nyisa paspylieHus o cpaBHe-
HUIO CO MEOHEM U3 TOPHBIX IMOPOJ, He OBIBIINM
B ymnorpeOnenun. Takum oOpazom, HpH yCTpOH-
CTBE OCHOBAaHHUH MO METOAY 3aKJIMHKH IIeJIecoo0-
Pa3HO IPUMEHSITH [IEMEHTOTPAHYJISIT.

llemeHTOrpaHy AT KaK aJIbTePHATHBA
eOHI0 TPY NPUTOTOBJIEHUH
0eTOHHBIX cMeceil ISl IJIUT

CcOOPHBIX MOKPBLITHH

Jst Toro 4ToOBI caenaTh 3aKIOYEHHE O BO3-
MO>XHOCTH HCITOJIb30BaHUS [IEMEHTOTPAHYJIATA KaK
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KPYITHOT'O 3aIlOJTHUTEIS MIPH MPOSKTUPOBaHUM Oe-
TOHHBIX CMECEH IS TUTUT COOPHBIX MOKPBITHH,
BBITIOJTHIJTM CTAaH/JIAapPTHBIE UCIIBITAHUS STOTO MaTe-
puana. 3epHOBOW COCTaB W MOIYJNb KPYITHOCTH
LIEMEHTOTPaHyJIATa OMpenesuIn B MEepPBOi 3amade,
OAHOBPEMCHHO BBIABJIAA XapaKTCPUCTHUKKU MarTe-
puana: HaCHITHYIO TUIOTHOCTh, TUIOTHOCTH 3€pEH,
ITyCTOTHOCTH U APOOUMOCTb.

Haceinnyio naomnocme  yemenmozpanyiama
OTIPENETISUIN ITyTeM B3BEIIMBAHUS €r0 OINpeIeieH-
HOM MaccChl B BO3JYIIIHO-CYXOM COCTOSTHUU B COOT-
BeTcTBUH ¢ 11. 4.17 [5] mo hopmyiie

rJie m — Macca MEPHOTO IWIMHAPA, T; M| — TO XKE
MEPHOTO I[WJIUHApPA C IEMEHTOTPAHYJISTOM, T;
¥ — 06beM MEpPHOTO HITHHAPA, CM-.

Pe3ynbTaThl UCHBITAHWA TI0  ONPEACTICHUIO
HACBHITTHOM MJIOTHOCTH LIEMEHTOTPaHyJIsITa MpUBE-
IIeHBI B Ta01I. 2.

Ilnomnocmov 3epen yemenmozspauynsima pac-
CUUTBIBAJIN B COOTBETCTBUU C 1. 4.16.1 [5]

m

p, = Ps >

m, —nt,
rjie m — Macca OpoObl B CYXOM COCTOSIHHH, T;
my, my;—TO K€ B HACBHIIIEHHOM BOJOH COCTOS-
HUM Ha BO3AYXC U B BOAC COOTBCTCTBCHHO, I,
Ps — ITIOTHOCTH BOJIEI, r/em’.

PesynbpTaThl HMCHOBITAHUM IO ONPENETECHUIO
IDIOTHOCTU 3€peH IEMEHTOTPaHyJsTa MPUBEICHBI
B Tabm. 3.
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Tabnuya 2

Onpegenenne HACBINHOM IVIOTHOCTH LIEeMEHTOTPAHYJIATA

Determination of bulk density of cement granulate

3 Hacpimnaas CpenHss HachITHAs
HammenoBanue marepuana| OObeM OWIHHIPA, CM m, T my, T 3 3
IUIOTHOCTD, I/CM [IJIOTHOCTD, I/CM
15455 1,39
Hementorpany s 10000 1545 1,39
¢bpakumii 5-20 15462 1,39
Tabruya 3

Onpeueﬂeﬂne IUIOTHOCTH 3€PEH LHEMEHTOIPanyJIfATa

Determination of grain density of cement granulate

HanmenoBanue [InotHOCTH BOJIBL, [TnotHOCTH CpenHsis iot-
3 m, T my, T my, T 3 3
MaTepuaia r/cMm 3€peH, I/cM HOCTB 3€pEH, I/CM
LleMerTorpany st 1095,3 703,4 2,551
b 0 1 1000,0 2,55
bpaxuuit 5 1093,7 701,2 2,548

Ilycmomnocmo yemenmoepaunyaama (% 1o
00bEeMy) HaxOJWIW pPacyeTHhIM IIyTeM Ha OC-
HOBAaHUM MPEIBAPUTEIHHO YCTAHOBJICHHBIX 3Ha-
YEHUU CpelHell IJIOTHOCTH 3€pEeH U HACBIHOU
IJIOTHOCTH LIEMEHTOIPAHYJIATA B COOTBETCTBUHU
cm. 4.16.2 [5]

Vi =| 121|100,
P,

T/I€ Py, P; — HACHIITHAS ¥ CPEIHSIS TUIOTHOCTH 3€PEH
IlEMEHTOTPAHYIIATA, T/CM .
PesynpraTel pacdera MyCTOTHOCTH ILIEMEHTO-
TpaHyJIsATa MPUBEICHEI B Ta0. 4.
Tabruya 4
PeSy.]'IbTaTbI pacueTra mMyCTOTHOCTH HEMEHTOIPaHyJIATAa

Results of calculation of cement granulate voidness

Haceinnas
HanmenoBanue [InotHocts | I[TycToTHOCTD,
IUIOTHOCTB, 3 o
MaTepuana 3 3epeH, I/cM %
r/cM
IlemeHTOrpanyIaT
¢bpaxuuit 5-20 1,39 2,55 45,43

Jlpobumocmo yemenmoepanynama. Jpoodu-
MOCTh IeOHs (TpaBHs) ONPENesId IO CTENeHH

pa3pylIeHHs 3epeH MPHU CXKaTUU (pa3JaBIUBaAHUN)
B IWUIMHJPE B COOTBETCTBUH C 1. 4.8 [5]. McmbiTa-
HUE BBINOJHSIM Ha [EMEHTOrpaHyisaTe Qpak-
nuit 5-20. CornmacHo TpeOOBaHUSAM, OH OBUI pac-
cesH Ha nBe Oonee y3kue dpakmuu 5—10 u 10-20,
KKIYI0 U3 KOTOPBIX HCIBITHIBAIIN OTICIBHO.

Hpobumocts [p ompenensyii ¢ TOYHOCTHIO
1o 1 % o popmye

m—m,

Iip="—"1100,
m

IJie m — Macca UCTIIBITHIBAEMOH TTpo0ObI mebHs (11e-
MEHTOTPaHyJIsATa), T; M| — TO e OCTaTKa Ha KOH-
TPOJBHOM CHTE TIOCII€ MPOCEHBAHHS pa3ApoOiIeH-
HOH B IMUTMHJIPE TIPOOHI (IIEMEHTOTPaHyJIATA), T.

PesynpraTtel pacuera IPOOMMOCTH IIEMEHTO-
rpaHyIIsiTa MPUBEACHEI B Ta0I. 5.

Mapka 1o JIpoOMMOCTH  IEMEHTOTPaHyJIsATa
(paxmuit 5-10 u 1020 cootBercTByeT 600. 13 nipu-
BEJICHHBIX BBIIIE JAHHBIX MOXKHO CJIENaTh BBIBOJ,
YTO OH COOTBETCTBYET TPEOOBAHUSM, IMPEIAbSBIISC-
MBIM K KPYITHOMY 3allOJIHUTEINIO MPU MPOEKTHPOBa-
HUH [IEMEHTOOETOHHOH cMecH [7, 8].

Tabnuya 5

PesyabTaThl pacdyera 1po0MMOCTH LIEMEHTOIPAHYJIATA

Results of calculating crushability of cement granulate
HaumeHnoBanue matepuana KoHTposibHOE cuTO, MM m, T my, T Jp, % Mapia

P P ’ ? I P, 7o 0 JpOOUMOCTH
ueMeHTorpz‘iylz’” (paxumii 1,25 317,47 256,44 19,22
= 600

HeMe“Torpfgf;gT paxuuii 2,5 285,34 237,55 16,75
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IonGop cocTtaBa HeMeHTO0ETOHA

Bruto mpuHsATO pemieHre momoOpaTh COCTaB Lie-
MEHTOOETOHA MAKCHUMaJIbHON IIPOYHOCTH HA CHKATHE
kiacca B35. LleMeHTOOETOH JaHHOTO Kilacca MpuMe-
Hsics Ha 00bekTe MKAJI-2, TpeboBaHMs K KOTOPO-
My OBUTH TaKUMH, Kak Jyist [ kareropum.

Cornacuo [9] (Ilpunoxenue A), kmacc OeToHa
Ha cxaTthe cooTBeTcTByeT B35, C28/C35. Hopma-
TUBHOE CONPOTUBJICHUE f. HOIKHO COCTABISThH
He meHee 28 Mlla, rapanTupoBaHHas MPOYHOCTh

6eroma fC , — He meHee 35 MIla, Tpebyemas

IPOYHOCTh OETOHA f. ., IPU IOA00pE COCTaBa — HE
MmeHee 45 Mlla.

Jnst monbopa 1eMEeHTOOETOHA HCIOIb30BAIN
CJIEAYIOIINE MaTepHaIbl:

® [[eMeHT. B ponu ruipaBIndecKoro BSyKyIero
npuMensiin noptinanauement LUEM 1 42,5H I
mo ['OCT 33174 [10]. OcHoBHBIC (hHU3HKO-MEXa-
HUYECKHE CBOHCTBA IEMEHTa NPEICTABICHEI
B Ta0II. 6;

® TIECOK CTPOUTEIBHBIH, KPYIHBIH, TIEPBOTO KJIac-
ca, coorBercTByer TpeboBanmsm ['OCT 8736 [11].
Ero ocHoBHbIE (DU3HMKO-MEXaHHMUECKHE CBOWCTBA
MpeJCTaBICHbl B TabN. 7, TpaHyJIOMETPUYECKHUHA
coctaB — B Ta0u. 8, rpadudeckoe oToOpakeHHE —
Ha pHUC. 2;

e Boj1y, oTBeuaeT Tpedopanusim CTh 1114 [12].

Tabnuya 6

Du3nKo-MexaHHYeCKHe CBOiCTBA leMeHTa

Physical and mechanical properties of cement

I'panyjiomeTpuyeckuii cOCTaB mecka

Granulometric composition of sand

3
HaumeHoBaHue TLtoTHOCTS, T/M Mesx3epHoBas Tpenen npounoctu, MIIa_ | gpace npounoctn
MaTcpuaia HacbIlHAas HCTUHHAS IyCTOTHOCTb, % Ha C)KaTue Ha U3rud LEMEHTa
Iement 1,15 2,99 61,54 48,1 6,2 42,5H
Tabnuya 7
Du3nKo-MeXaHUYecKHe CBOICTBA Mecka
Physical and mechanical properties of sand
ITnoTHOCTS, T/ M3 o CO,I[Cp)I(aHI/Ie TIBIJICBUIHBIX Monyinb
Haumenosanue marepuana ITycroTHOCTB, % o
HACHITIHAS HCTHHHAS U TNIMHUCTBIX YacTul, % KPYIIHOCTH
Iecok (mpupoaHBbIii) 1,485 2,683 44,65 1,89 2,18
Tabnuya 8

Monyb KpyIHOCTH

Pa3smep 3epen, mm Macca necka Ha cute, T YacTHbIi 0cTaToK, % TTonHelit octatok, %
10 0 0 0
5 17,40 1,74 1,74
2,5 39,40 3,94 5,68
1,25 94,70 9,47 15,15
0,63 172,70 17,27 32,42
0,315 376,00 37,60 70,02
0,14 248,70 24,87 94,89
0,071 42,00 4,20 99,09
<0,071 9,10 0,91 100,00

2,18
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Tlecok (mpupoaHBIiT)
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<0,071 0,071 0,140 0,315 0,630 1,250 2,500 5,000 10,000
Pasmep 3epen, Mm

Puc. 2. T'panynomMeTpuveckuii coctan
IIPUPOHOrO IEeCKa IepBOro Kiacca

Fig. 2. Granulometric composition
of natural sand of the first class

CocTaB 1IeMeHTO0ETOHHOI CMecH

CocrtaB 1eMeHTOOETOHHOI CMECH pacCUUTHIBa-
mu B cootBercTtBUU ¢ CTh 1182 [13]. B cBsi3u ¢
OTCYTCTBHEM B COCTaBe IUIACTU(HKATOPOB M WHBIX
J00aBOK JUTs IpHAaHus TpedyeMoi y1000yKiia pIBa-
€MOCTH NPHHUMAIIM MaKCUMalbHOE BOAOLIEMEHTHOE
otromenwe (B/L] = 0,45) mst mokpeitaii mopor 1-111
kareropuii B cootBercTBHH C [14]. CocTaB 1ieMeHTo-
OETOHHOI cMecH MPE/ICTABIICH Ha PHC. 3.

8%

18 %
50 %

24 %

Puc. 3. CocTaB IeMEHTOOETOHHON CMECH:
B - uemenrorpanymsT ppakimit 5-20; [ — mecox;
[] — mement; [[] - Bona
Fig. 3. Composition of cement-concrete mixture:
[l - cement granulate fractions 5-20; [[] - sand;
|:| — cement; |:| — water

Y 1000yKI1aIbIBaEMOCTh [IEeMEHTOOETOHHOH CMe-
CH OIICHMBAJIA TI0 OCaJKe KOHyca, OoT (hOpMOBaH-

HOTO B COOTBETCTBUHU C II. 5 [15]. Pe3ynprar ucmel-
TaHW MpeJICTaBIeH B Ta0M. 9.

Tabnuya 9
Pe3yabTaT HcnbITaHNi eMeHTO0ETOHHOM cMecH
Ha y1000yK/Ia/1bIBA€MOCTh

Result of testing cement concrete mixture

for workability
HanmenoBanue PesynbTar Cpennee
XapaKTePHCTHKA HCTIBITAHUS 3HAUCHHE
Ocazxa KoHyca, CM 3,27 | 3,43 3,35

B cootBerctBum ¢ [16] Mapka 6eToHa 1Mo ocai-
Ke KoHyca (mo ymoOoykimaasiBaemoctu) 11, ona
HanboJliee MPEANOYTUTENbHA IS JOPOXKHBIX
OETOHOB.

M3 momydeHHON OETOHHOW CMECH BBITIOJIHS-
a1 (GOpPMOBKY CTaHIApPTHBIX 00pa3LoB-KyOOB
pasmepamu 100x100x100 MM B COOTBETCTBUU
¢ 'OCT 10180 [17]. TIpounocTs OeTOHA Ha CiKa-
tre f., Mlla, Beraucisum mo ¢popmyiie

fo=at,
A

rae o — MaciuTaOHbIH K03(QUIHeHT, 1S GOopMBI
100x100x100 mm o = 0,95; F — paspymaromas
Harpy3ka, H; 4 — mmomans pabodero cedeHus o0-
pasia, Mm’.

Pesynprar ucnelTaHuil neMeHTOOETOHA MPHBE-
neH B Tabm. 10.

['apaHTUPOBaHHYIO MPOYHOCTh OETOHA HAXO-
i 1o hopMmyie

J[ciube = fcm (l - 1’64KB )’

rae f., — Tpeaen MPOYHOCTH Ha CKaThue OeTOoHa
(cpennmii), Mlla; K, — xo3¢pdunmMeHT BapHauu
(M3MEHYMBOCTH).

B coorerctBun ¢ n. 3.5 [13] mpumem Ko-
s¢punment Bapuanuu 13,5 %. Pesynbrarel pac-
YEeTOB MPOYHOCTH IIEMEHTOOETOHA TMpeacTaBIe-
HBI B Ta6m. 11.

Tabauya 10
Pe3yabTaT HenbITaHMIT IeMeHTOOETOHA
Test result for cement concrete
TpoexTreiii . Cpenusist [Ipounocts 006pasua, Cpessia
KJacc OeToHa Pazmep MacitaGHblii Macca Pa3pymaronias MIPOYHOCTH
IUIOTHOCTB, IIpUBEJCHHAs K 0a30-
0 TPOYHOCTH, | (opMbl, MM | KodddunmeHT |obpasua, T o Harpys3ka, kH oMY basmeny. MITa obpa3sia
MIla yPp Py, B cepun, MITa|
23453 476 45,22
B35 100x100x100 0,95 2,34 45,13
2353,0 474 45,03
Hayka
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Tabnuya 11

Pe3yJsibTaThl pac4eToB NPOYHOCTH IEeMEHTO0ETOHA

Calculation results of cement concrete strength

[IpoexTHbIi I'apanTupoBanHas
KIace 6etona Cpennss Tpebyemast mpoYHOCTD G
NpoYHOCTS 06pasua | GeToHa npyu nopGope | MPOUHOCTL GeToHa Jecuve» MIa OO611iee 3aKITI0UeHNE
110 TPOHHOCTH, B cepuH f.,,, MIla cocrasa f. ., MIla
MIla PHH Jem> o1 MOy YeHHAs Tpebyemast
B35 45.13 45.00 35,13 35,00 CoorBeTcTByeT TpeOOBAHUAM
HOPMATHBHBIX JOKYMEHTOB
BbIBO/IbI 5. llle6eHp 1 TpaBuii U3 MIOTHBIX TOPHBIX NMOPOA M OTXOMO0B

1. Ha ocHOBaHWM BHIMOJHEHHBIX HCCIEIOBA-
HUIl YCTaHOBJIEHO, YTO HEMEHTOTpaHyJsaT (Ipo-
IyKTa TepepadOTKH Pa3UYHBIX ITOBPEKIACHHBIX
JKeIe300€TOHHBIX H3ACINNA) MOXHO PEKOMEHJIO-
BaTh /IS YCTPOWCTBA OCHOBAaHMH IO METOIY 3a-
KIIMHKY, a TaKXKe B KaYeCTBE alIbTCPHATHBBI IIe0-
HIO NPU TPUTOTOBJICHHH OETOHHBIX CMeECEH s
TUTAT COOPHOTO TTOKPBITHSI.

2. llemeHTOTpaHyNsAT OCOOEHHO MOXET OBITH
BOCTpEOOBaH MPH CTPOUTENHCTBE M PEKOHCTPYK-
IIUM MECTHBIX JTopor. B HacTosiee Bpems BBIION-
HACTCA MporpamMma I10 MOBBIIICHUIO TPAHCIIOPTHO-
OKCIUIYyaTallUOHHOTO yPOBHS MECTHBIX JIOpOT,
a 910 — okono 70 Teic. kM. [loaTomy moTpedyercs
OTPOMHOE KOJMYECTBO JOPOKHO-CTPOUTEIBHBIX
MaTtepuaiioB. [lpuMeHeHNe BTOPHYHBIX PECYpCOB
MO3BOJIUT HE TOJBKO CHHU3HUTH 3aTPaThl HA CTPOU-
TENbCTBO, HO M YMEHBIINTh HEraTHBHOE MX BO3-
JICUCTBUE HA OKPYKAIOIIIYIO CPEy.
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Abstract. The present paper describes experiments and research outcomes concerning the construction of cement concrete
pavements in South Kazakhstan, taking into account significant climate changes. The study has identified potential problems
in the construction of cement concrete pavements in the region, where there was no experience of their construction until
the mid-2000s. In order to develop an optimal solution, the technical factors that characterize the process of arranging these
coatings using sliding molds are analyzed and quantitatively normalized. These factors include the optimal amount of mortar
for curing concrete, the optimal joint cutting time, the interval and effective width of expansion joints to prevent the formation
of cracks in concrete at an early age. The effectiveness of the use of polyethylene film to prevent the formation of contraction
cracks and maintain the required mode of hardening of the cement concrete pavement is shown. The main cause of damage
to the expansion joints along the length of the day coverage of coatings in the conditions of South Kazakhstan has been estab-
lished. Recommendations have been developed for the installation of cement-concrete pavement and expansion joints during
the construction of roads in this region. The accumulated data on climatic factors and methods of work with the use of poly-
ethylene film have made it possible to create an optimal method for the construction of cement concrete pavements,
which will improve the quality of roads in South Kazakhstan.

Keywords: cement concrete pavement, cutting time, curing mode, polyethylene film, mock-up test, climatic factors, South
Kazakhstan, joint cutting
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LIEMEHTOOETOHHBIX JOPOXKHBIX TOKPHITHH B PETHOHE, I'/ie He OBLIO OIBITAa UX CTPOUTENHCTBA BIUIOTH A0 cepenuHsl 2000 rr.
C nenbio BbIPAOOTKH ONTHMAIBHOTO PELIEHHS IIPOAHATN3UPOBAHbI U KOJINYECTBEHHO HOPMHUPOBAHBI TEXHUYECKUE (DaKTOPHI,
XapaKTepH3yIoLIHe IPOIEeCC YCTPOWCTBA JAHHBIX MOKPHITHH C MCHONB30BaHMEM CKOJb3amuX ¢opMm. K takum daxropam
OTHECEHBI ONTUMAIILHOE KOJIMYECTBO PACTBOpA VISl OTBEpIXKACHHUS OETOHA, ONTUMAIIbHOE BpEMs Hape3KH IBa, MHTEPBAI U
a¢dexTrBHas MUpPUHA JeGOPMAIIOHHBIX IIBOB JUIS MPEJOTBpalleH:s] 00pa3oBaHMs TPEIIMH B OETOHE B paHHEM BO3pacTe.
TMoka3zana 3()eKTHBHOCTb IPUMEHEHHUS MTONUITUICHOBOM TUICHKH U1 NPEIyNpeKIeHUs 00pa30BaHus YCaIOYHBIX TPEIIUH
W MOAJEpKaHUs TpeOyeMoro pekuMma TBEpICHHUS IIEMEHTOOSTOHHOTO ITOKPBITHS. Y CTaHOBJICHa OCHOBHAs MPHYHMHA IOBpE-
JKJICHHS IIBOB PACUIMPEHHS HA JUIMHE JHEBHOM 3aXBaTKH M pa3pabOTaHbl PEKOMEHIAIMH 10 YCTPOHCTBY 1IEMEHTOOSTOHHBIX
MOKPBITHH ¥ IIIBOB PACIIUPEHUSI IPU CTPOUTENNBCTBE aBTOMOOWIIBHEIX JOPOT B pernoHe. HakorieHHbIe TaHHbIe 0 KJIMMaTHde-
CKHX (haKTOpax M METOJAX MPOM3BOJACTBA PAbOT C HCIIOIH30BAHHEM MONMITHICHOBOU IUICHKH ITO3BOJIT ONTHMHU3MPOBATh
CTPOHTENLCTBO LIEMEHTOOSTOHHBIX TOPOXKHBIX MOKphITHi B IOxHOM Kazaxcrane.

KnioueBble c10Ba: IeMEHTOOSTOHHOE TTOKPBITHE, BPEMs PE3KH, PEKUM TBEPACHMS, TTOIMATHICHOBAs IUIEHKA, TPOOHBINH Ma-
KeT, KknumaTtrdeckue gpakropel, FOxublil Kazaxcran, coBMecTHas pe3ka

Jist uutupoBanus: [ToBeneHYeCKHe XapaKTEPUCTHKU [IEMEHTOOCTOHHbBIX MOKphITHH B IOxHOM Kasaxcrane: xmumarude-
CKHe M3MEHEHHs M ONTHMalbHBI MeTon crpoutenscTa / JI. CaxanoB [u np.] // Hayka u mexuuka. 2022. T. 21, Ne 2.
C. 142-149. https://doi.org/10.21122/2227-1031-2022-21-2-142-149

Introduction

In general, construction techniques are deve-
loped through trial and error for cement concrete
pavement construction in areas without a history of
road construction. According to a preliminary sur-
vey, research on the development of construction
techniques for South Kazakhstan reflecting the
region’s climatic and material characteristics is still
in an early stage. Conversely, a rich body of re-
search outcomes exists for countries with a large
coverage of concrete pavement including the US
and South Korea, which started many decades ago.
Recent studies present models for curing durability
and performance assessment [1-3], as well as for
joint behavior, cracks, and temperature stress [4-6].
As such, the present paper aims to analyze and re-
assess a number of experiment and construction
data and other related data accumulated from the
cement concrete pavement construction project,
which has been ongoing since 2011 at the study
site, which is characterized by climatic changes.

Study objective and method

Many existing studies demonstrated that con-
struction methods and early-stage quality manage-
ment significantly affect the endurance and lifespan
of cement concrete pavement [1, 7, 8]. Considering
climate variables, various experiments were con-
ducted to determine concrete pavement construction
methods to overcome changing climatic conditions.
These included investigating road length for daily
pavement work, effective curing and temperature
control methods to prevent initial cracks, optimal
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spraying amount and method to maximize the effect
of the curing-membrane, determining the most
suitable installation interval and effective width of
expansion joints, and optimal joint cutting period
and depth. In particular, the target site experienced
a number of days with strong winds, and it was
judged that surface defects are highly likely because
of rapid water evaporation from the concrete pave-
ment surface during the construction process [9].
Therefore, polyethylene film (PE-film) was used as
a measure to prevent this problem. Thus, this study
also investigated the effect of the initial curing
method, in which entire concrete slabs were covered.

Characteristics of the climate
of South Kazakhstan

The target site for this study is situated in South
Kazakhstan, 100 km from Shymkent in the direc-
tion of Turkestan. The Western Europe — Western
China Road Project is currently in progress, and
the region is marked by a highly varying diurnal
temperature range, which is relatively large com-
pared to other areas of the country. Fig. 1 shows
the measured temperature pattern during the sum-
mer from August to September.

The temperature at the study site during the
summer season was measured for analysis. Tab. 1
provides the maximum temperature range. The ma-
ximum temperature recorded was 48 °C when
direct sunlight directly affected the area. The tem-
perature dropped to between (—15) and (-25) °C in
the winter. The highest temperature was recorded
at around 3 to 4 pm, and the minimum at 5 to 6 am.
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The histories of air temperature (22 Aug. ~11 Sep.)
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Fig. 1. Measured temperature (August to September in South Kazakhstan)

Table 1

Characteristics of summer season climatic changes
in South Kazakhstan

Category .Rapge Range of concrete
of indicators | temperature change

Highest temperature, °C 40-44 43-48
Lowest temperature, °C 15-25 20-30
Diurnal temperature
range, °C 19-25 18-23
Humidity, % 15-65 -
Wind speed, m/s 4-10 -

The humidity of the study site ranged bet-
ween 15 and 65 %. This relatively low humidity
range is explained by the low probability and
amount of rainfall during the summer. Although
the rainfall probability increases from late Septem-
ber to May the next year, the rainfall amount is
only as high as a few dozen mm. Wind speed was
measured using a wind speed meter, ranging
from 1-2 m/s, 4-5 m/s, and reaching a maximum
of more than 10-20 m/s on days with strong winds.

Concrete mock-up test

¢ Production of experimental concrete slab and
test results

The concrete mix design used for the mock-up
test is shown in Tab. 2. Materials meeting the
standards and regulations were used for the ce-
ment, aggregates, water, and admixture.

The amount of concrete curing compound,
curing method, and changes in slab surface and
concrete strength development according to the
climate were analyzed, as shown in Fig. 2.
The change in concrete strength in the slab surface
induced by the changing climate was analyzed,
and the optimum joint cutting period was deter-
mined. The results are provided in Tab. 3.

The surface was finished upon pouring the
concrete. Then, 0.50 and 0.75 /m” of the concrete
curing compound tested in experiment were
sprayed on two test slabs, and the curing process
was observed as shown in Fig. 3, 4.

Table 2
Mix design of concrete, kg/m®
Slump, cm Water Cement Sand Gravel (5-20 mm) Gravel (20-40 mm) Admixture
04 147 405 696 598 489 3.0

Fig. 2. Process of experiment (spraying the concrete curing compound and cutting joints)
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temperature during the
experiment (condition)

(Condition 2) 50 °C — when the temperature drops

Table 3
Experiment results of concrete curing compound and cutting joints
Concrete temperature | 28 °C Slump 4 cm Air content 4,5 % Humidity | 20-40 %
State of changing air  |(Condition 1) 20 °C — when the temperature rises |Range of curing temperature ~ |20-50 °C

Results of curing expe-
riment
(occurrence of cracks)

(Condition 1) concrete curing compound sprayed
(0.5 I/m?) and not sprayed

Period of small cracks observed on the slab surface
Concrete curing compound not applied: 1 h
Concrete curing compound applied: 2 h

(Condition 2) concrete curing compound sprayed
(0.5 /m?)

No cracks occurred

Results of joint cutting
experiment

(Condition 1) concrete curing compound sprayed
(0.5 1/m?) and not sprayed

No damage was observed on joints from after 6 h
The air temperature rose to 50 °C
The hydration reaction of concrete became faster

(Condition 2) concrete curing compound sprayed
(0.5 1/m?)

No damage was observed on joints from after 8 h
The air temperature dropped to 20 °C
The hydration reaction of concrete was delayed

Fig. 3. Process of concrete slab mock-up test
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Fig. 4. Curing and joint cutting in concrete slab mock-up test

The two test slabs were cured under the same
climatic conditions as at the study site without
additional curing intervention. The surfaces of
the other two concrete slabs were covered with
PE-film, and the curing process and strength
development according to the temperature were
measured in real time. The temperature of the test
slabs was measured at the top surface, the central
core, and at bottom surface every 10 min. The re-
sults of the mock-up test are provided below.

1. Two to three hairline cracks were observed
in the test slab sprayed with a concrete curing
compound without a PE-film during the initial cu-
ring process. On the other hand, no defects were

[ Hayka
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observed on the surface of the slab covered with
the PE-film.

2. The internal temperature change of the con-
crete slabs was analyzed. As shown in Fig. 5, the
maximum temperature of the core area of the air-
cured slab was approximately 35 °C, and the air
temperature determined the surface temperature.
On the other hand, the internal temperature of the
test slab cured using PE-film increased to 45 °C.
The surface temperature increased along with the
changing internal temperature. Therefore, the cu-
ring method using PE-film is highly effective as
a temperature and strength control method to
handle the climatic changes of the region.
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Temperature histories of Mock-up test
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Fig. 5. Temperature pattern of the concrete slabs (2" and 10" days):
—e— — Air temperature; —e— — Top surface (#3); —e— — Core (#3); —e— — Bottom (#3);

—— — Top surface (#2);

3. All slab temperature changes maintained a
slight temperature difference after 16 to 20 h after
pouring the concrete. At this point, the slab tem-
perature increased if the air temperature was high,
and decreased when the air temperature was low.

4.In regions with a relatively large diurnal
temperature range caused by the changing tem-
perature, the contraction and expansion rate of
slabs increases. Cracks are highly likely in areas
affected by the base confinement caused by friction,
as the difference in stress also increases [8, 10].

5. To prevent initial cracks in concrete slabs,
it is critical to determine an optimal cutting period
to reduce the section of contracted joints before
random cracks occur. These are caused by stress
imposed on the concrete during the initial harde-
ning period [11].

® Results of the curing test

A test was conducted using the existing curing
method of spraying concrete curing compound
commonly used for cement concrete pavement and
the new alternative method of PE-film applica-
tion [8, 12, 13]. The general operation speed of the
curing compound spraying equipment is approxi-
mately 20 m/min for concrete pavement work,
and 0.5 I/m’ of material is sprayed. The equipment

— Core (#2);

was operated at varying speeds. It was found that
operating the equipment at 10 m/min, which is half
the general operation speed, produced a positive
result for forming curing membrane on the slab
surface. Noteworthy is that a spraying operation
at an extremely slow speed causes curing material
flow across the slab surface.

The curing performance of PE-film was highly
effective in preventing various defects caused by
dramatic drying and temperature changes, as
shown in Fig. 6. This new curing method induces
the early development of concrete strength and
shortens the time required for contraction joint
cutting.

e Early behavior assessment of concrete pave-
ment joints and cutting test

According to the field survey and experiment,
joints were identified as areas of unreinforced
cement concrete pavement where defects most
frequently occur. The most important factor in
joint work is the time point of covered slab cutting,
as shown in Fig. 7. When joints are cut too late,
cracks are not induced in the intended way, but
irregularly occur in unwanted areas. In contrast,
as shown in Fig. 8, cutting the joints too early may
cause defects and damage the joints [14—16].

Fig. 6. Process of the curing test using polyethylene film
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Crack induction test in horizontal contraction
joint. Concrete slab behavior after completing the
placement work is closely associated with the
occurrence of initial cracks. The major causes are
environmental load including temperature and
humidity, not traffic load [10, 17]. Cracks started
to occur on the slabs 15 to 24 h after completing
the concrete pouring. The survey and experiment
demonstrated that slab volume decreases as its
temperature drops when the air temperature falls.
This causes friction on the lower part of the struc-
ture, which produces cracks [8, 17].

The results of the assessment of cracks induced
in the contraction joints are provided in Tab. 4.
In total, 27-85 % of the total joints were normally
induced as intended between the second and se-
venth day of curing. More joints were induced
when the road length for daily pavement work was
longer than when shorter, and more cracks occur-
red on the inside than on the outside. Fig. 9 shows
the joint cut appearing in the concrete slabs and

form of induced cracks. The survey of induced
cracks indicated that the crack gap ranged about 0.3
to 0.5 mm around the two ends of the slabs, and
a maximum of 2.5 mm in the center. These gaps
are closely associated with the friction caused by
the degree of slab contraction and base confine-
ment. This indicates that the climatic conditions
on the day of the pavement pouring and tempera-
ture change in the paved slab are associated with
the process of crack induction in contraction joints.

Table 4
Overview of crack induction in contraction joints
oyiﬁn'::lelrd Measure- Number
Road length stae of induced | Rate,
contraction |ment date,
perday, m| . . cracks, num-| %
joints, number day
ber of places
of places
335 67 2 26 38.8
55 11 3 3 27.3
205 41 5 30 73.2
90 18 7 15 83.3

Fig. 9. Form of crack in contraction joints
of concrete pavement

Tab. 5 shows the optimal joint cutting time for
concrete slabs, which is closely associated with
temperature, wind, diurnal temperature range, and
concrete pouring time. Considering climatic chan-
ges in the South Kazakhstan region, 4 am to 3 pm
is the most appropriate time for pouring concrete
when the temperature ranges between 20 and 40 °C
for slab temperature and strength management. It is
easy to induce contraction joint cracks if joint cut-
ting is completed late the same night.

Table 5
Optimal joint cutting time for concrete pouring (temperature range 20-40 °C)
Category Optimal joint cutting time according to concrete pouring time
Concrete pavement time 4:00-9:00 9:00-11:00 11:00-15:00 15:00-21:00 21:00-01:00
Optimal time for joint cutting, h 6 5 4 8 10
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Horizontal expansion joints and construction
joints. The expansion and contraction of concrete
slabs are caused by various factors including types
of coarse aggregates; concrete contraction coeffi-
cient [18, 19]; texture of separation membrane;
climatic changes such as temperature, humidity,
and wind; diurnal temperature range; concrete
pouring temperature; curing method; and cutting
period. In this study, the actual slab behavior and
deformation were measured. The measurement
results were analyzed to establish a maximum con-
struction length per day and detailed construction
plan to design a new technique that prevents slab
cracks. Fig. 10 shows the behavior of horizontal ex-
pansion joints and the process to measure expansion.

Fig. 10. Measurement of the behavior and length of expansion
of horizontally expanded joints

Fig. 11 shows the forms of damage to the ex-
pansion and contraction joints caused by the slab

behavior when the concrete expands. Fig. 12 shows
the behavior of horizontal expansion joints and the
measured expansion in a graph.

According to the experiment and measure-
ments, the requirements for setting the interval of
expansion joints installed in the daily paving
length are as follows:

1) the expansion joint should be installed at the
end of daily work. The installation should be per-
formed with great precision;

2) the total expansion of a slab reduces if
cracks are caused in many contraction joints within
24 h after completion of the concrete pavement;

3) the concrete slab during early curing should
be stronger than the internal stress;

4) the cumulative expansion of a slab exposed
to a high temperature has a greater effect than con-
traction, and this is the major cause of damage to
expansion joints;

5) therefore, the daily paving length for a cement
concrete pavement and width of expansion joints can
be controlled, as shown in Tab. 6. This causes noise
for running vehicles and damage to the joints when
the width of the expansion joints is greater than
30 mm. Thus, the width should be less than 30 mm.

Fig. 11. Contraction joints and expansion joints damaged by slab behavior

Behavior of expansion joint and measurement
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Fig. 12. Measurement of changes in horizontally expanded joints caused by slab behaviors

Table 6
Number of joints to be installed and effective width according to the length of concrete paving per day
Length of concrete paving per day, m 200 300 400 500 600
Width (mm) x number of joints for installation 20x1 30x1 20x2 25x2 30x2
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CONCLUSIONS

1. Various defects in cement concrete pave-
ment are determined by the climatic environment
and conditions of the target construction site (in-
cluding temperature, humidity and wind speed).
However, it was difficult to identify the real cau-
ses, as the areas with defects were not assessed and
no data were collected from the damaged areas.

2. It is necessary to establish a construction
technique that considers climatic changes variables
for cement concrete-paved road construction in this
area. It is recommended to survey and analyze the
initial behaviors of concrete pavement produced
reflecting the material properties and environmen-
tal conditions to enhance the quality of the product.

3. It was necessary to first perform a mock-up
test and field construction test, and then to investi-
gate the thermal and mechanical properties of con-
crete slabs in the same climatic conditions as those
at the real study site. This study surveyed the be-
havioral characteristics of the test slabs to prevent
damage to the joints, which are the vulnerable part
of a cement concrete pavement. The study suggests
the location and width of expansion joints reflec-
ting the optimal joint cutting period and suitable
road length for daily pavement work in the given
climatic conditions.

4. Finally, standards for the optimal amount
of concrete curing compound and optimal opera-
tion speed of spraying equipment were suggested
to help prevent cracks caused by drying and con-
traction, which may occur on the paved road sur-
face during the summer season. In addition,
the application of polyethylene film was suggested
for the effective curing control of concrete slabs.
It was confirmed that this method prevents cracks
caused by dry surfaces and contraction, and pro-
vides the effect of humid curing to the surface.
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Pedepat. PaccmoTpensl BapuaHThl yMEHbBLICHHS dKOJIOTHYecKuX noteph B [lononke n HoBomomnorxke 3a cueT pa3BUTHS CH-
CTE€M TpPOJUICHOYCHOTO M TPaMBaifHOIO JIBMKCHHUSI — PAa3IMYHBIX BHIOB FOPOJCKOTO JIEKTpHYecKoro TpaHcmopra. C 1enbio
COKpALIEHHUs 3aTpaT Ha CO3/laHHE TPAHCIOPTHOH (B TOM YMCIIE M 3apsAAHOH) HHPPACTPYKTYpHI, & TAKXKE HA IKCIUTyaTallMOH-
HbIE M3JIEPKKH orpesieeHa 3(pGEKTUBHOCTh TAKMX CUCTEM IIPU UCIIONB30BAHUU HE TOJIBKO KIACCHYECKHX BHIOB TPAHCIIOPTA,
HO M THOPHIHBIX aBTOOYCOB, 3JEKTPOOYCOB, 1yo0ycoB. Pa3paboTaHbl MOAXOB! U CIIOCOOBI MOBBIIICHHS Ka4eCTBa 00CTYKHU-
BaHUS NACCAKUPOB 0€3 YXYAIICHHUS YKOJOTHYECKOH 0OCTAaHOBKM — 3TO CTAHET BO3MOXKHBIM OJ1arofapsi pa3BUTHIO TpaMBaiHO-
ro u Tpouteiibycuoro nmxenns B [Tomornke n HoBonosnorke. [IpuBeneHs! BapuaHThl CLIEHAPHEB MCIOIB30BAHUS PA3INIHBIX
BH/IOB TOPOACKOTO JIEKTPHIECKOTO TPAHCIOPTA B UCCIEAYEMBIX T'OPOJAX, KOTOPHIE CHU3ST KAaIUTAIOBIOKCHUS B TPAHC-
HOPTHBIE CPEACTBA U PacXO/bl Ha CO3/IaHUE DKCIUTYaTaIl[MOHHOH 0a3bl 32 CYET MMEIOIIUXCS TPOU3BOJICTBEHHBIX MOIIHOCTEH,
HarpuMep TpaMBalHOro mapka. Kpome Toro, 3To mo3BOJIUT CO3/aTh M OPraHU30BaTh YHUKAIBHYIO arJIOMEpaliOHHYIO pellb-
COBYIO IACCAKUPCKYIO CUCTEMY, KOTOpast MOXKET CTaTh OAHMM U3 CHOCOOOB Pa3BHTHS TypPHCTUYECKOro NoTeHuana [Tomonka
u Hosonosnonka. I[Ipenoxenys, U310KEHHBIE B CTaThe, HAIIPABJICHBI HA YJIy4LIEHHE SKOJIOIMYECKON CUTYalluH B 3TUX TOPO-
Jlax 3a CYET YMEHbIIEHHUs 00beMa BRHIOPOCOB BPEAHBIX BEIIECTB aBTOOYCaMu, 0COOCHHO Ha IIEHTPAIBHBIX YIIHIIAX.

KiroueBble c10Ba: 3KOJIOTHYECKUE MOTEPH, TpamBail, Tpoiuieibyc, anektpobyc, rubpuaHslii aBTobyc, ayolyc, TOpoacKoit
AIIEKTPUYECKHH TPAHCIIOPT

Jloisi nuTHpOBaHus: AHaIU3 pa3BUTHS PA3IMYHBIX BUJOB FOPOJCKOTO 3jeKTpudeckoro Tpancnopra B Ilomouke u Hosormo-
nouxke / J{. B. Kanckuit [u ap.] // Hayxa u mexnuxa. 2022. T. 21, Ne 2. C. 150-157. https://doi.org/10.21122/2227-1031-2022-
21-2-150-157

Analysis of Development of Various Types
of Urban Electric Transport in Polotsk and Novopolotsk
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S. S. Semchenkov”, E. N. Kot", O. N. Larin?
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Abstract. The paper considers options for reducing environmental losses in Polotsk and Novopolotsk through the deve-
lopment of trolleybus and tram systems — various types of urban electric transport. In order to reduce the costs of creating
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transport (including charging) infrastructure, as well as operating costs, the effectiveness of such systems has been determined
when using not only classic types of transport, but also hybrid buses, electric buses, duo-buses. Approaches and methods have
been developed to improve the quality of passenger service without deteriorating the environmental situation — this will
become possible thanks to the development of tram and trolleybus traffic in Polotsk and Novopolotsk. Variants of scenarios
for the use of various types of urban eclectic transport in the cities under study are presented, which will reduce investment
in vehicles and the cost of creating an operational base at the expense of existing production facilities, for example, a tram
fleet. In addition, this will make it possible to create and organize a unique agglomeration rail passenger system, which can
become one of the ways to develop the tourist potential of Polotsk and Novopolotsk. The proposals outlined in the paper
are aimed at improving the environmental situation in these cities by reducing the volume of emissions of harmful substances
by buses, especially on the central streets.

Keywords: environmental losses, tram, trolley bus, electric bus, hybrid bus, duobus, urban electric transport

For citation: Kapskiy D. V., Kuzmenko V. N., Krasilnikava A. S., Semchenkov S. S., Kot E. N., Larin O. N. (2022) Analysis
of Development of Various Types of Urban Electric Transport in Polotsk and Novopolotsk. Science and Technique. 21 (2),
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BBenenue

CeroHs mpoAoIKAeTCs MOUCK BapHaHTOB T10-
BBIIIEHUS] HKOJIOTHYECKONH O€301MacHOCTH TOPOXK-
HOro nBwkeHus [1-4]. MHorue CTpaHbl, B TOM
gucne benmapych, cTpemsTcs H3MEHHTH OaiaHc
NPOM3BOJCTBA U TMOTPEOJCHUS DHEPTUH B IOJb-
3y anekrpuueckot. CIIA, SAnonus, Kopes, I'ep-
Mmanus, Aurnus, ®@pannus, Kurait u npyrue rocy-
JlapCTBa BKIIOYMIIM OCBOEHHE TMOPUAHBIX U DIICK-
TPUUECKUX TEXHOJOTMHA Ha TPAHCIOPTE B HYHCIIO
HAI[MOHAIBHBIX MTPHOPUTETOB U OKA3bIBAIOT STOMY
HaIPaBJICHUIO CEPHE3HYI0 TOCIOANCPXKKY [3—6].

B Ommxadimmue aecatuneTus OyIOyT pa3BHUBAThCA
HMCTOYHHUKHU aJbTEPHATUBHON SHEPTHH, PAacCTH Tpe-
OOBaHMS K IKOJIOTHHU, B TOM YHUCIE 32 CUET MpUMe-
HEHMS pPAa3JIM4HBIX BHUIOB TOPOJCKOIO 3JIEKTPHU-
gyeckoro tpancrnoprta [4, 6—12], 0030p OCHOBHBIX
XapaKTePUCTUK KOTOPBIX IPUBEAEH B TA0M. 1.

B nacrosimee Bpemst B PecniyOnnke Bemapych
HQJIQXXEHO COOCTBEHHOE NPOM3BOJICTBO TpaMBa-
€B, TPOJUIEHOYCOB, TpPOJIIEHOYCOB-3JIEKTPOOYCOB
U 3JIEKTPOoOyCOB, KOTOPBIE B CTaThe PACCMOTPEHBI
KaK BO3MOJKHBIE IEPCIIEKTUBHbIE BUABI TOPOACKO-
ro 3JeKTpuyeckoro tpaHcmopra s Ilomonka
n HoBomnonounxka.

Tabnuya 1
OcHOBHbIE XapPAKTEePUCTUKH PA3THYHBIX BUIOB FOPOJACKOI0 3JIeKTPHYECKOro TPAHCIIOPTa
Main characteristics of various types of urban electric transport
. N Tpomneiidyc- T'ubpuaHbIi
ITokazarenn TpamBaii Tpomneiidyc P Y PHL DnekTpobyc
3JIEeKTpoOyC aBTOOYyC
CkopocTh + - - -
060cob1eHHOCTD
OT aBTOMOOMJIBHOTO MTOTOKA + - - -
HoctynHocTb, coKpalleHue
M OITUMHU3ALMS IIE€pecagok + + + +
Komdopr ms1st maccaxxupon + + +/— +
BesonacHocTb + +/— +/— +/— +/—
BeimonHeHne pacnucaHus + +/— +/— +/— +/—
OKOHOMHYHOCTh + - - - -
DKoJI0ruYecKas YMCToTa + +/— +/— +/— +/—
[puBnexaTenbHOCTD + - +/— - +/—
IUTS TIACCaKUPOB («TpamBaii — (HeoOrraaoe (HeoGpranoe
CHMBOJI TOPOJIa») peeHme) pereHue)
Obo3nauenus: «+» — XapaKTepHBIN IPU3HAK; «—» — HEXaPAKTEPHBIN MIPU3HAK; «+/—» — XapaKTepU3yeTCsl YACTHIHO.
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OueHkKa BO3MOKHOCTH HCI0JIb30BAHMSA
TPOJLJIeii0yCOB U 3J1eKTPo0yCcOB
B Ilosiouke u HoBomoJionke

OneHka BO3MOXHOCTH HCIIOJIb30BAaHUS pa3-
JUYHBIX BHUJOB TOPOACKOIO 3JIEKTPUUYECKOTO
TpaHcroprta i [lomonka BeITOJHEHA HA MpHMeE-
pe aBToOycHoro mapmipyra Ne 4 «MapuHEHKO —
Boposyxa-3». Tpacca 3Toro mapiipyra mpoXOauT
no ynunam Mapurenko, [1. bposku, FO0uneitHo#,
OxTs0peckoit, ['oromsa, Kommynuctudeckoit, E. Ilo-
noukoii, KocmonasroB u Bonoruna. IIporsxen-
HOCTh MapuipyTa cocTtaBisier 25,19 kM, Bpems
IOBIDKEHHS aBToOyca B NPSIMOM M OOpaTHOM
HamnpaByieHusix no 40 muH. [edcTByromuMm pac-
MUMCaHWEM TIPETyCMOTPEHO BhIMoNHEeHUE 124 peii-
COB, B TOM uHucie 62 pelicoB B OpaMoM U 62 —
B OOpaTHOM HampaBjicHHSIX. MapmpyT paboTaet
¢ 5:00 no 0:45. HaubGonpmias yacToTa ABHKEHUS
Ha MapuipyTe, KOraa IUisi OOCITy>KHUBaHUS TIac-
CaKUPOB OIHOBPEMEHHO MHCIIOIb3YETCSl JIEBSThH
TPaHCIIOPTHBIX cpeAcTB, ¢ 6:00 mo 8:00 u ¢ 16:00
o 18:00. B ykpynHEHHBIX pacdeTax NPUHUMAeM,
YTO Jeno AJs JIEKTpOoTpaHcmopTa OyneT pacmo-
JI0’)KEHO B CYIIECTBYIONEM aBTOOYCHOM mapke No 2
Ha yi1. CTpOUTENbHOM.

O1eHKy BO3MOXXHOCTH HCIIOJIb30BaHUS Pa3iand-
HBIX BHJOB FOPOJCKOI0 3JIEKTPUIECKOI0 TPaHCIOp-
Ta 17151 HoBomostorka BBITIONHSIN Ha IIPUMEPE aBTO-
OycHoro wmapmpyta Ne 4 «lloakacrenbrpl —
BonbanuHbll ropogok». Tpacca mapiipyta mpoxo-
T 1o yiuiam MomnonexxHo#, Kraroposa, Cito6o-
ckoil, laiimapa B mnpsamoM u ymuuam lainapa
1 MoronexxHol B 00paTHOM HarmpaBieHusx. [IpoTs-
’)KEHHOCTh Mapuipyta coctaBisger 14,92 km, Bpe-
Msl JBIDKEHHS aBToOyca B IIPSAMOM HaIlpaBlie-
HUM 25 MuH, B oOpaTtHoM 24 muH. JleficTByrommMm
pacircanueM MperyCMOTPeHO BhimoHeHue 106 peii-
coB (mmo 53 peiica B IpsSMOM M OOpaTHOM HarpaB-
nenusx). Mapmpyt pabotaer ¢ 8:24 go 23:52.

Haubonbiast yacToTa ABHXKCHUS HA MapiipyTe, KO-
rma Juis OOCITy)KHBAaHUS TMACCAXKHPOB HCIIONBb3YeT-
Cs OMHOBPEMEHHO TSITh TPAHCIIOPTHBIX CPEICTB,
¢ 17:00 no 19:00. B ykpynHEHHbBIX pacuerax IpH-
HUMAaeM, 4TO JEMO IS AJIEKTPOTpaHCIOpTa OyneT
pacnonoxeno Ha JIC «IloakacTtenbup».

CyMMapHbIe KaITUTAIOBIOXKEHUSA (YKPYITHECH-
HO) B HH(PACTPYKTYPY U TPAHCIOPTHBIC CPEIICTBA
(anexTpooycel OC, tposmieiioycsl IMF u IMC) mist
YCJIOBHOTO MapuipyTa MpOTSHKEHHOCTBIO 25 KM
npuBeneHsl Ha puc. 1. Ilpu pacuere kamurano-
BJIOXKEHUW YUYWUTHIBAJIW CTOMMOCTH KOHTAKTHOMU
cetd (KC), TATOBBIX MOJCTAHITNH, 3apSIHBIX CTaH-
IMHA M HEMOCPEJICTBEHHO TPAHCIOPTHBIX CPEACTB.
3arparhl Ha CTOMMOCThH MPOCKTUPOBAHUS M TOJ-
PAOHBIX paboT, HA 00OPYIOBAaHUE OCTAHOBOYHBIX
MYHKTOB U co3fganue 0asbl Uil OOCIYXHBAaHUS H
PEMOHTA TPAHCHOPTHBIX CPEICTB Ha MPEANPHS-
TUSX TPAHCIIOPTA B pacueTax He YUUTHIBAIIH.

10000

~
wn
(=
(=]

5000

CTOMMOCTB,
ThIC. Hoi. CIIIA

2500

0
Wnrepsan 11 mun

B OC (anexTpoOyc ¢ 3apsiaKoil Ha KOHEYHBIX)
B IMF (tposnueiibyc)
B IMC (tposuteiibyc ¢ TUHaMHYECKO 10 13apsAKOi)

Puc. 1. KaniutanoioxxeHHs B HHQPACTPYKTYPY
M TPaHCIIOPTHEIE CPEJICTBA Ha YCIIOBHOM MapIIpyTe
MIPOTSKEHHOCTBIO 25 KM ¢ UHTepBaioM 11 Mun

Fig. 1. Investment in infrastructure
and vehicles on a conditional route
length of 25 km with an interval of 11 min

OcHoBHbIe mapameTpsl Mapuipyta Ne 4 B Ho-
BOTIOJIOIKE MTPH MCIIOJIb30BaHUH Pa3TUYHbBIX BUIOB
TOPOACKOTO 3JEKTPUUYECKOI0 TPAHCIIOPTA IpUBe-
JeHsl B Ta0II. 2.

Tabnuya 2

l'[apaMeTpl,I Mapuipyrta Ned s HOBOIIO.]'IOIIKe NPHA UCIIOJIB30BAaHUH PA3JIUMYHBIX BUA0B I'OPOACKOI0 3JIEKTPUYECKOI'0 TPAHCIIOPTA

Parameters of route No 4 in Novopolotsk when using various types of urban electric transport

Komauectso Munumanbhoe | CpeaHsist IKCILTya- TTpOTSKEHHOCTD yUIacTKa, KM
Bun tpancnopra TPAaHCIIOPTHBIX CPEICTB BpeMst 000pOT- TalMOHHAsA
Ha MapuIpyTe BCEro HOTO peiica, MUH| CKOpPOCTb, KM/4 cKC 6e3 KC
Tpomneiibyc IMF 5 7 54 16,58 14,92 0
Tpoueiiyc IMC 5 7 54 16,58 2,53 12,39
Onexrpodbyc OC 7 9 67 13,36 0 14,92
* CrpourensctBo KC nHa yuactke AC «Iloakactensusy — OIl «BacuneBubi».
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IlepcneKkTHBBI MCNIOJIHL30BAHUS TPAMBAaEB
B HoBomos1onke u IloJionke

TpamBail — crapeHuuil BUJA TpaHCIOPTA, IO-
sBuBLIMiics B Hayane XIX B. B MupoBoii npakTuke
M3BECTHBI TPUMEPHI €r0 HCIOJIb30BaHUS IS TO-
POICKUX, TIPUTOPOJHBIX, MEKIYTOPOJAHUX M MEX-
IOYHApOIHBIX NepeBo30K. UTOOBI OCTaBaThCs MpU-
BJIEKATENFHBIM JIJISl MTaCCAXUPOB KaK BUI TpPaHC-
nopTa, TpaMBail 10JbKeH OBITh Oe3omaceH, yno0eH
U KOM(OPTEH, a TaKKe UMETh BBICOKYIO CKOPOCTh
COO0O0IIEHUS.

[Ipenmnaraemslii 6a30BbI cleHApUi pPa3BUTHS
TpamBaiiHoil cetu B Hoomononke u Ilonouke
BKJIIOYAeT JBE KPYMHBIE CTaJUU C BBIACIECHUEM
B KXIIOM HECKOJBKHUX dTamnoB [12].

1. Pa3zButue TpamBaiinoii cetu B HoBomoson-
ke (0OCIy’KWBaHHE BCEX HOBBIX YYacTKOB TpaM-
BasMH, UMEIOIIMMHUCS B TpaMBailHOM Mapke To-
pona).

Oran 1.1. [Ipoanenue TpamMBalHOM JUHUU OT
KOHEYHOU cTaHuuu «/3Mepurens» 10 MHUKpopaii-
oHa Ne 8 (6 KM IIyTH B OJJHOITYTHOM H3MEPCHHH ).

Oran 1.2. [Ipoanenue TpaMBalHOM JMHMU OT
OCTaHOBOYHOTO ITyHKTa «ABT00a3a» 10 OAO «Had-
TaH» (5 KM MyTH B OAHOITYTHOM U3MEPEHHN).

Oram 1.3. [Ipomieane TpaMBalHOW JUHHUU OT
OCTaHOBOYHOTO IMyHKTa «TexHukym» mo yiu. Cio-
bonckoit nmo bompHHYHOrO TOpOIKa (KOHEUHAS
cranius «boxpHUIAY, 3 KM IMyTH B OJAHOIYyTHOM
WU3MEPEHUN ).

Jlns peanuzanuu BCeX 3TANoB JaHHOW CTaauu
He TpeOyeTcs MpHoOpeTeHne JAOMOTHUTEIBHBIX
TPAHCIIOPTHBIX CPEJACTB, MOCKOJIBKY CYIIECTBYIO-
umii B HoBomosnonke MHBEHTAapHBIM MapK MO3BO-
JSeT YBETUYHUTh KOJMYECTBO TPaMBaeB, BBITyCKa-
e€MBIX Ha JUHUIO, ¢ 8 10 14 emmuwmir Ha stame 1.1,
¢ 14 1o 20 — ma srane 1.2, ¢ 20 no 23 enuHul — Ha
srane 1.3. Ha kaxaoM u3 3TamnoB HMeEOIIUECs
B TapKe TpamBau OYyIyT 3a/IeHCTBOBAHEI B Pa3iny-
HBIX KOMOHWHAIMAX MAapIIPyTOB, CBS3BIBAIOIINX
mukpopaiion Ne 8 ¢ OAO «Hadran», 3aBomom
«[Tomumup» U paifoHOM OOJIHLHUIIBL.

2. Arnomepanusi — pacmupenue cetd B Ilo-
JIOLIKE.

Oram 2.1. [Ipomieane TpaMBaWHOW JUHHUU OT
Mukpopaiiona Ne 8 B HoBomosorke uepes maino-
3TaXHYI0 3acTpOMKy 1. ODKMMaHb 1O BunbHIOC-
ckoro mocce B [lomorke co cTpOUTENbCTBOM KO-

Hayka
urexHuka. T. 21, Ne 2 (2022)

HeuHoi craniun y TL «Manex» (¢ TymukoMm ams
00opoTa TpamBaeB), IPUOOPETEHUE IBYCTOPOHHHUX
TpaMBaeB JUId OOCIyXMBaHHMS HOBOTO arjomMepa-
LUOHHOTO MapLIpyTa.

Oran 2.2. [Ipoanenue TpaMBaliHONW JHHHUM I10
tepputopun Ilosnomka or BunbHIOCCKOrO Iocce
no ymune M. bormaHoBuua depe3 peky 3aman-
Hy!0 JIBUHY J10 BOCTOYHOM 4YacTH >KUJIOTO pailoHa
AdpOIpoM CO CTPOUTEIHCTBOM KOHEYHOH CTaH-
UM (C TYMTUKOM I 000pOTa TpaMBacB).

Dran 2.3". B ciiydae TPHHATHS TOTOKHTEIb-
HOTO pELIEHHS] O CTPOUTENHbCTBE HOBOTO MOCTa
gepe3 3amannyio Jluny B patione JIC «Iloxka-
CTENBIBl» CTAaHOBUTCS BO3MOXKHBIM IPOJJIEHUE
TpaMBalHON JMHUW IO BOCTOYHOM 4YaCTH MHKpPO-
pationa Aspoapom Ilomnorka yepe3 HOBBIH MOCT CO
CTPOHUTEIHCTBOM KOHEYHON CTaHIMHU C TYIHUKOM
Uil 000pOTa TpaMBaeB y INEPECceueHHs C yIULeH
M. bornanosuya B ITononxke.

Ortan 2.4. [Ipoanenne TpaMBaliHONW JMHHUM I10
tepputopun I[lonouka ot TL «Manex» mo ymnu-
nam I1. bpoeku, KO0uneiinoit (depe3 pexy 3ama-
Hyto J|Buny), npocnekry Ckopunsl, ymune [oro-
7S 10 JKeNe3HoAopoxHoro Bok3aia [lomomka co
CTPOUTENBCTBOM KOHEYHOH CTaHIHMM (C TYNHKOM
JUIsL 000pOTa TpaMBaeB).

AJbTEepHATUBHBIN CLIEHApHUI TIpeaycMaTpUBaeT
00yCTpOWCTBO Ha KOHEYHBIX CTaHIMAX «MUKpoO-
paiion Ne 8», «Hadrtan» u «bonpHuma» (3Ta-
met 1.1, 1.2, 1.3 06a3oBoro cueHapusi pa3BHTHUS
TpaMBaliHO#M CETH) OOOPOTHBIX TYNMHUKOB 0€3 opra-
HU3AIMHA Pa3BOPOTHHIX Koser. J[is paboTer Takoii
JUHUA HEOOXOJMMBI MPUOOPETEHUE U OpraHU3a-
s 00CITy )KUBaHHsI JBY CTOPOHHHUX TPaMBAeB.

XapakTepuCTHKH BBIITyCKaeMbIX B PecmyOnuke
benapycr TpamBaeB, KOTOpBIE MOTYT paccMaTpu-
BaThCs JUIS UCMOJIB30BAHUA IPU pean3alyu 3Ta-
noB 2.1-2.4, npuBeneHs! B Tabi. 3. Jns cpaBHeHUS
B Ta0J1. 4 MpelCTaBICHbI 3aTPaThl JHEPTUH 10 pa3-
JUYHBIM MoKa3zaTensaM TpaMBasiMu 2xAKCM-802
n AKCM-84300M B ieTHEeE 1 3UMHEE BpEMS.

* Dram 2.3 He MoXeT paccMaTpuBaThCs KaK 3aMeHa 3Ta-
ny 2.1 B opranuzaunuu cBszu Mexnay Hosomosonkom u Ilo-
JIOLIKOM, TaK Kak peanu3anus stama 2.3 6e3 peanusanuu 2.1
HCKITIOYUT W3 30HBI 0OCITy)XMBaHUS TPaMBasiMH B COOOIIEHHN
«HoBomnonouk — Ilonouk» ropoxackyto Oonpauity Ilomnorka,
nepecagouHbli y3en B paiione TLI «Manex» B [lomouke u, no
MIpeIBApUTENILHON OIEHKEe, MPUBEIET K 3HAUYUTEIILHOMY CHH-
JKEHUIO T1aCCaKUPOIIOTOKA JJIs TPaMBasl.
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Tabnuya 3
XapakTepuCTHKH TPpaMBaeB, BbiyckaeMbIx B Pecnydiuke Benapych

Characteristics of trams produced in the Republic of Belarus

Tun TpaHCIOpPTHOTO CpescTBa OmurOuHEH CouieHeHHBIH TpaMBaii
P P pelt TpamMBail P
Monenb TpaHCIOPTHOTO CPEACTBA AKCM-802 AKCM-84300M AKCM-845 Stadler-B85300M
B03MOXHOCTB IByCTOPOHHETO ABH)KEHHS
(opranmzaryst 000poTa TpaMBacB
Ha KOHEYHBIX CTaHIMAX 03 CTPOUTEIBCTBA
Pa3BOPOTHBIX KOJIell) + + + +
[TaccaxupoBMeECTUMOCTB, YeIl. 114 176 176 181
Cpoxk citysk0bl, JIeT 15 (20)
CTOMMOCTB TPaHCIIOPTHOT'O CPEJCTBA, 0. 430000 1647000 | 850000 1200000-1870000
IIpousBogurens «benkommynman», benapyce «Irannep», benapychb

* BO3MOXKHOCT TIpoJuIeHNUs cpoka ciIyk0sl 10 20 net npexycmorpena TKII 314-2011 [13] mocie BHIOIHEHUS KalMTaIbHOTO
PEMOHTa TPAaHCHIOPTHOIO CPEJICTBA.

Ipumeuanue. TpamBan AKCM-84300M, AKCM-845, Stadler-B85300M obopynoBaHbl [ByMsi KAOWHAMH YIIPABIICHUSI, TACCAKUP-
CKUIi CaJIOH TPEyCMaTpUBACT IBEPU JUISl BXOJAa U BBIXOJA MACCAKHUPOB 10 00ouM Gopram Tpampasi. Tpamait AKCM-802 o6opymnoBan
OJTHOM KaOMHOM yIpaBIIeHHs1, HACCAKUPCKUI CAIOH IpelyCMaTpHUBAET IBEPH UL BXOZA U BBIXOJIa IIaCCaKUPOB 110 000UM OOpTaM Tpam-
Basi. JT10 mo3BossieT npu popmrpoannu 13 AKCM-802 nByXBaroHHbIX MOE3I0B BMECTUMOCTBIO 228 MacCaKMpoB, pabOTAOIINX MO CH-
CTeMe MHOTHX €JMHHII, UCIIOJIb30BaTh UX JUISl IBYCTOPOHHETO ABMKEHHS €3 CTPOUTEIECTBA Pa3BOPOTHBIX KOJIELL.

Tabruya 4
3aTpaThbl 3HepIruM TPaMBasiMH B JieTHee M 3MMHee BpeMsl
Energy consumption of trams in summer and winter
Jletnee Bpemst 3uMHee Bpemst
ITokasarenn
2xAKCM-802 AKCM-60102 2xAKCM-802 AKCM-60102
Pacxox sHepruu Ha TATY, KBT-9/kM 2,40 1,30 2,40 1,30
JIONIOTHUTENBHBIA PacXoJl SHEPTHU
Ha OTOIUICHHE B 3UMHEE BpeMsi, KBT-4/km - - 1,28 0,64
3arpatThl Ha TATY U OTOIUICHHE, TOJ./KM 0,24* 0,13 0,36 0,19
[IpuBeneHHBIE 3aTPaThl PHEPTHU HA TATY
u oToIuieHue, noa./kM Ha 100 mac. 0,10 0,11 0,15 0,16
3aTpaTrhl JHEPIUU HA TATY U OTOIUICHUE
VS 3aTpatkl Ha TArY, % - - +50 +45
* Jlnst mpeanpuatuii snextporpancnopra 0,10 mon./(kBt-4) anexTprueckoit SHepruu.

B kauecTBe penbcoBOro MyTH Ui peanu3aluu
0a30BOro WM aJbTEPHATUBHOIO CICHApHS Ipen-
JIaraeTcsl pacCMaTpyuBaTh JBa BApUAHTA:

— PENbCOBBIN IyTh Ha COOPHOM >KeJIe300€TOH-
HOM OCHOBaHHH (OecHINaJbHOM) C HCIIOJIb30Ba-
HueM O6mouynoro pensca LK1;

— KJTACCUYECKUN PENBbCOBBIN MyTh Ha >KEJIE30-
OETOHHBIX MITAaJIaX C WCIOJIb30BaHuEM pernbca P6S.

YKpynHEHHBIN aHAIU3 OCHOBHBIX IOKa3aTesei
MIPU Pa3BUTHU 0a3bl DIEKTPUICCKOTO TPAHCIIOPTA
B HoBomomonke u B arimomeparuu Ilomomk —
Hogomouork npuBeaeH B TaoI. 5.

Tabnuya 5

OcHoOBHBIE NMOKA3aTeJIH MPH Pa3BUTHH 0a3bI 31eKTPHYECKOI0 TPAHCNIOPTA
B HoBomnoJiouke u arinomepannu Iosouk — HoBonosonk

Key indicators in the development of the base of electric transport
in Novopolotsk and the agglomeration Polotsk — Novopolotsk

Bun tpancnopra
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(Gasomsiii crienapwi) Anekrpodyc OC, ONC Tpomneiidyc IMF, IMC
1 2 3 4
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Oxkonuanue mabn. 5

TpaMBaliHbIH apk)

B aBTOOYCHOM MapKe)

End of Table 5
1 2 3 4
MecTo XpaHeHHUs TPAaHCHOPTHBIX CPE/ICTB + +/— +/-
(CyuiecTByronmit (MoHO pa3MecTUTh (MOXHO pa3MeCcTUTh

B aBTOOYCHOM MapKe)

OkcrutyaranuonHas 6a3a (00ciykuBaHUe
1 PEMOHT)

+
(HocraTouHble MPOU3BO/I-
CTBEHHBIC MOILITHOCTH)

(Heo6xoxumo co3naBaTh)

(Heob6xomumo co3naBaTs)

Hanuuue cymecTBytomeit MapupyTHOM
CEeTH DICKTPUYECKOTr0 TPAHCIIOPTA

C NEePCIEKTUBON JaJIbHEHNIIEro
pa3BuTHA

+
(Mmeercs 6a3oBast
TpaMBaiiHas JTUHUA)

Heo6x01uMOCTh IIOArOTOBKH BOJUTENEH

Jns aranos 1.1-1.3 — Her;
utst 3TanoB 2.1-2.4 HeoO-
XOAUMO 00y4YeHue
BozuTenel kareropuu F

Heob6xoaumo oOyuenne
BoauTenel kateropuu D

Heob6xoaumo obyuenue
BojuTenel kareropu I

Heo6Xx01mMMoCTh €THHOBPEMEHHOM 3aKYITKH
TPaHCTIIOPTHBIX CPEICTB VIS OTKPBITUS
HOBBIX JIUHHH

He tpebyercs

TpeOyercs

Tpebyetcs

IpuBeIcHHAS CTOUMOCTD TPAHCIIOPTHOTO
cpezcTBa (K 1 maccaxupy maccaxupo-
BMecTuMocTH), 10i1. CIIIA/macc.

3,77

4,26-4,66

2,20-2,75

CpOK 3KCILTyaTaI[y TPAHCIIOPTHBIX
cpeAcTB — 0a30BBIi (IIPOICHHEBIN), JIET

15 (20)

10

10 (15)

IIpuBeseHHast CTOUMOCTh TPAHCIIOPTHOTO
cpencTBa K 1 maccaxupy maccaxupo-
BMECTHMOCTH U 6a3zoBomy 10-neTHEMY
cpoky skcruryaTanuw, goi. CIIIA/macc.

2,51

4,26-4,66

2,20-2,75

Y nenbHbIE 3aTpaThl YHEPTHU Ha EPEBO3KY
100 naccaxupoB Ha 1 KM B JIeTHEe BpeMms,
non. CIIA/(100 mace.-xm)

0,11

0,18

0,18

Y nenbHbIE 3aTpaThl JHEPTUH (TOILUIUBA)
Ha iepeBo3Ky 100 maccakupoB Ha 1 kM
B 3uMHee Bpems, 1oit. CIITA/(100 nacc.-km)

0,16

0,42

0,29

DKoJIOruYecKasi YucToTa

+/-

(BbIOpOCHI BpeIHBIX BEIIECTB
npu paboTe AU3ENEHOTO
OTOIIJICHUS], IIIUH, PE3UHOBAs
MBUTG TIPU B3aUMOICHCTBUN
KOJIEC C TOPOXKHBIM
TIOKPBITHEM)

+/—
(YTunuzauust TAroBbx
Oarapeil, KH, pe3UHOBAs
IIBUTb TIPU B3aUMOJICHCTBUU
KOJIEC C JOPOKHBIM
MOKPBITHEM )

Ob6o3nauenus: «+» — NOJOKUTENBHBIN 3 deKxT/Hanu4ne; «—» — OTpHUIATeNbHBIN YQHEKT/OTCYTCTBHE; «+/—» — MONOKHTEIBHBIN
W OTpULATENbHBIN 3 (EKTH/HATMYHE U OTCYTCTBHE.

BbIBO/IbI

1. Jlns opraHu3aniiil JBUKEHHUS HEPEIbCOBOTO
3NEKTPUIECKOTO TPAHCIIOPTa HEOOXOAUMO MPHOO-
peTeHrne TPaHCIOPTHBIX CPEJCTB, CO3/laHUE Oa3bl
[0 MX PEMOHTY M OOCIYXHBAaHHUIO B aBTOOYCHBIX
MapKax, CTPOUTENBCTBO TSTOBBIX (M 3apsIHBIX)
NOJCTAHIMK M KaOeIbHBIX CeTei, oOyueHHe mep-

Hayka
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conana. [ns tpomnenibycoB IMF crnenmyer co3ma-

BaTh KOHTaKTHYIO CEThb IO BCEH AJIMHE MX Mapll-
pyta, s TpoieiibycoB IMC u nayoOycoB —
yactuuHO. [Ipy opraHuzanmy JBYKEHHS SJIEKTPO-
OycoB HEOOXOIUMO CTPOHTEIHCTBO 3aPSIHBIX CTaH-
U B JIENO W Ha KOHEYHBIX CTAHIUAX (IS DIIEK-

tpobycos OC).
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2. B ciydae opraHu3anvu HOBBIX JIMHUHN JIBH-
JKCHUsI TpamBaeB TpeOyeTCs CTPOUTH TSTOBEIC
MOJICTAaHIIMHU, TPOKJIAbIBaTh PENBbCOBBIE MyTH, Ka-
OenbHBIC U KOHTAKTHBIE CETH Ha HOBBIX yYacCTKax,
HO HET HEeoOXOIUMOCTH MpHoOpeTaTh HOBBIE
TpaMBaH U CO34aBaTh 0a3bl IS UX PEMOHTa U 00-
CITy’KMBaHU.

TpamBail umeeT camble HU3KHUE YJIeTbHbBIE pac-
XOJIbl TOTIJIMBHO-3?HEPTETUYECKUX PECYpPCOB Ha IIe-
PEBO3KY OJHOTO TMaccakupa B JIETHUH U 0COOECHHO
3UMHHN NepHoAabl roga. Peanusanms 3tanoB pas-
BUTHS TPaMBalHOM CETH NMPUBEIET K YBEIUUYEHUIO
JIONTM TOPOJCKOrO 3JIEKTPUUYECKOr0 TPAaHCHOpTa B
nepeBo3kax mnaccaxupos B HoBomosouke 3a cuer
JONOJIHUTEJIBHOTO TOJOBOTO 00BbEMa IEPEBO30OK
oxoJio 4,1 mnH nmaccaxupos. Ilpu 3ToM He motpe-
OyIOTCSI KamnuTaJOBJIOXKEHUS B TPAHCIOPTHHIE
CpeACTBAa W CO3JaHUE SKCIUTyaTallMOHHOM Oas3bl,
MOCKOJIBKY MOYKHO HCIIOJIb30BaTh MPOU3BOICTBEH-
Hbl€ MOIIHOCTH TpaMBalHOIO IapKa, a TaKkKe
UMEIOIIMecs B HAJMYMU TpaMBau U 0a3y g HUX
pEMOHTA B 00CITyKHUBaHUSI.

3. Peanu3anus 3TanoB pa3BUTHS TpaMBaiHOM
CETH MO3BOJUT CO3/1aTh arJIOMEPAlMOHHYIO TPAaHC-
MOPTHYIO CHUCTEMY C HCIIONb30BAHUEM pEIBCO-
BOTO D3JIEKTPUYECKOTO TPAHCIOPTa U YBEIHUYUTH
roZI0BOH 00BEM MEPEBO30K MACCAXKUPOB IIEKTPHU-
YeCKHMM TPAaHCIOPTOM Ha 6,7 MIIH MaccakupoB.
Takast arioMepalMOHHass cucTeMa OyIeT eauH-
cTBeHHON B bemapycu u MOXeT cTaThb OJHHM U3
HAIpaBICHUA pPa3BUTUS TYPUCTHYECKOIO IMOTEH-
uana.

4. TloBBIIIEHYE TOJIN UCIIONIB30BaHMS TPaMBaEcB
M0 IPEUI0KEHHOMY B CTaThe clieHapHio B Hoso-
nosiouke u Ilosonke u yBenuueHue JT0JIH 3JIEKTPO-
TpaHcropta B Ilomoumke 3a cdeT OpraHu3alyn
IBuKeHna TpoieitdycoB IMC Ha HEKOTOpBIX
HalpsDKEHHBIX  MapuipyTax co CTPOHTEIHCTBOM
KOHTaKTHOW CETH AJIS 3apsAAKU HAKOMHUTENEH dHep-
TMH B 3THX TpoJuIeii0ycax Ha OTAEIbHBIX yUacTKax
MapiipyTa BHE LIEHTPaJIbHON 4acTH ropoia Oyaer
CrocoOCTBOBATh YIYYIIEHHIO 3KOJOTHMYECKOW CH-
Tyalul B HHUX 32 CUET CHIDKeHHs oObema BBIOpO-
COB BPE/IHBIX BEIIECTB aBTOOYCAMH.

JIUTEPATYPA
1. Jokiag O COCTOSIHUM O€30HacHOCTH JOPOYKHOTO JBH-

J)KeHUsl B Mupe. Bpems nedcTBoBaTh [DJIEKTPOHHBIN pe-
cypc] // BcemmpHas opraHm3aunus 3IpaBOOXPAaHECHUS.

156

10.

11.

12.

XKenesa, 2009. Pexxum nmocryma: http://apps.who.int/iris/
bitstream/10665/44122/2/9789244563847 rus.pdf. ara
nocryna: 14.01.2019.

. Aymut 6e3omacHocTH nopoxHoro asmwkenus / JI. B. Kam-

ckuil [u ap.]. omens: benl'VT, 2015. 428 c.

. Bpy6ens, 0. A. Onpenenenne morepb B TOPOKHOM IBH-

xenun / 1O0. A. BpyGens, [. B. Kanckuii, E. H. Kot.
Munck: BHTY, 2006. 240 c.

. Bpy6ens, 10. A. OnacHOCTH B OPOXHOM JBHXKCHUH /

0. A. Bpy6ens, . B. Kamckuit. M.: HoBoe 3HaHwme,
2013. 244 c.

. Karickuit, J[. B. MeTomonoruss TOBBIMICHUS KadyecTBa

nopoxxuoro apmwkenns / JI. B. Kanckuii. Munck: BHTY,
2018.372 c.

. AcnieKkTbl 0€30IIaCHOCTH KaK OCHOBA COBEPLICHCTBOBAHHUS

[ACCAKUPCKUX IEPEBO30K TPaMBaeM IyTEM MPUMCHCHUS
TPAHCIIOPTHBIX CPEJCTB IMOBBIILICHHOH BMECTHMOCTH (Ha
npumepe r. Muncka) / JI. B. Kanckwuit [u xp.] // Opranu-
3anus U 6€30IaCHOCTh JOPOKHOTO JIBHKCHHUS: MaTepualbl
XI MexayHap. Hay4.-ipakT. KoH®. / oTB. pen. 1. A. 3axa-
poB. Tromenb: TIOMEHCKUI MHIyCTpHAJIbHBIH YHUBEPCH-
tet, 2018. T. 1. C. 64-71.

. Bubip ontuMansHOT Mozgeni 300py Ta 00poOKku iHpopmarii

3 METO0 pealtizalii AUCTIeTYEPCHKOro YIPABIIHHI PyXOM
MapuIpyTHOrO TMacaxupcbkoro tpancnopty / 1. B. Kamce-
kuit [u np.] // TlepciekTUBHI HampsMH PO3BHUTKY perio-
HaJbHUX TPAHCIOPTHUX Ta JIOTICTUYHHX CHCTEM: Ma-
Tepiann MixkHap. Hayk.-mpakT. koHdp. Xapkis: XHAY,
2018. C. 125-129.

. 3ay4eHHs] aBTOMOOIUIBHOIO MEPEBi3HUKA B EIIEKTPOH-

HUH JTOKyMEHTOOOIr SIK NEepCIeKTHBHUH HANpsMOK B 00-
JIACTi MiABUIICHHAC(PEKTUBHOCTI JOTICTHYHAX TPOLECIB /
. B. Kanckuii [u ap.] / IlepcnekTHBHI HanpsMu pO3BUT-
Ky PerioHaJbHUX TPAHCIOPTHUX Ta JIOTICTHYHHX CHCTEM:
Matepianu MixHap. Hayk.-mipakT. koH}. XHAJTY. Xapkis,
2018. C. 130-135.

. [loBeimeHue OKCIUTYyaTalUOHHBIX ToKa3aTeliei pa6OTLI

TOPMO3HBIX CUCTEM TPaMBA€B 3a CUET YJIy4IICHUS yCTOH-
YUBOCTH W ympaBisiemoctd topmosa / JI. B. Kamckwuii
[ np.] // Opranmsanus u 6€30MacHOCTE JIOPOKHOTO JIBH-
sxennst: Matepuaisl XII Har. Hayu.-mipakT. KoH®. ¢ MeXIy-
Hap. ygactueM, 14 mapra 2019 r. / otB. pen. . A. 3axa-
poB. Tiomens: TromeHckuii mHmycTp. yH-T, 2019. T. 1.
C. 199-206.

HccnenoBanne pexxuma ABIKEHUS] TPaMBaeB Ha JIMHUM
mo yn. Kpachoii — 5. Komaca — Jlorolickomy Tpakty /
. B. Kanckuii [u 1p.] / ABTomobmie- u TpakKTopocTpoe-
HHUe: MaTepuainbl MexayHap. Hayd.-IpakT. KOH). MUHCK:
BHTYVY, 2018. T. 2. C. 55-58.

VYiydnieHue yciaoBuil ABMXKEHUS TpamBaeB Ha yi. Kpac-
Hoii — 5. Konaca — JIorolickoM TpakTe CpelCTBaMU Opra-
HU3anuu gopoxHoro newkenus / 1. B. Kanckuii [u ap.] /
ABTOMOOMJIE- U TPaKTOPOCTPOCHHE: MaTepuabl Mexmy-
Hap. Hay4.-nipakT. koH¢p. Munck: BHTYVY, 2018. C. 59-62.
Kanckwmii, J[. B. OueHka BO3MOXXHOCTH HCIOJIb30BaHUS
TpoieiidycoB u 3nekTpodycos B ITonouke u HoBonosnorn-
ke / JI. B. Kanckuit, E. H. Kot, C. C. Cemuenkos // Opra-
HM3alMsd M 0e30MacHOCTb JIOPOXKHOIO JIBMIKCHHUS: Mate-
puanst X1I Ham. Hayy.-npakT. KOH}. ¢ MeXIyHAp. Y4acTH-

Hayka
urexHuka. T. 21, Ne 2 (2022)



Transport

13.

em, 14 mapra 2019 r. / otB. pen. 1. A. 3axapos. TiomeHs:
TromeHckuil uanycrp. yu-t, 2019. T. 1. C. 266-273.
TexHUueckoe 00CITyKUBAHUE U PEMOHT T'OPOJICKOTO 3JIeK-
TPUYECKOro Tpancrnopra. HOpMBI ¥ mpaBuiia HPOBEACHUS:
TKIT 314-2011 (02190). Been. 01.09.2011. Munck: Suepro-
mpecc, 2015. 47 c.

IToctrynuna 05.09.2019
[Nognucana B meyats 19.11.2021
Ony6nukoBaHa ornaiiH 31.03.2022

REFERENCES

. Global Status Report on Road Safety. It’s Time to Act.

World Health Organization. Geneva, 2009. Available at:
http://apps.who.int/iris/bitstream/10665/44122/2/9789244.
563847 rus.pdf. (Accessed 14 January 2019) (in Russian).

. Kapsky D. V., Azemsha S. A., Mozalevskii D. V., Skir-

kovskii S. V., Korzhova A. V., Polkhovskaya A. S., Er-
makova N. S., Artyushevskaya S. N., Kuz'menko V. 1.
(2015) Road Safety Audit. Gomel, Belarusian State Uni-
versity of Transport. 428 (in Russian).

. Vrubel Yu. A., Kapsky D. V., Kot E. N. (2006) Determi-

nation of Traffic Losses. Minsk, Belarusian National
Technical University. 240 (in Russian).

. Vrubel Yu. A., Kapsky D. V. (2013) Dangers in Traffic.

Moscow, Novoye Znanie Publ., 244 (in Russian).

. Kapsky D. V. (2018) Quality Improvement Methodology

of Roadtraffic. Minsk, Belarusian National Technical Uni-
versity. 372 (in Russian).

. Kapsky D. V., Rynkevich S. A., Sedyukevich V. N., Sem-

chenkov S. S. (2018) Safety Aspects as the Basis for Im-
proving Passenger Transport by Tram Through the Use of
Vehicles of Increased Capacity (for Example, the City of
Minsk). Organizatsiva i Bezopasnost' Dorozhnogo
Dvizheniya: Materialy XI Mezhdunar. Nauch.-Prakt. Konf.
T. 1 [Organization and Road Safety: Proceedings of
the XI International Scientific and Practical Conference.
Vol. 1]. Tyumen, Tyumen Industrial University, 64—71
(in Russian).

. Kapsky D. V., Kot E. M., Rinkevich S. A., Semchen-

kov S. S. (2018) Selection of Optimal Model of Infor-
mation Collection and Processing with the Purpose to
Realize Dispatch Control of Route Passenger Transport
Movement. Perspektivni Napryami Rozvitku Regional'nikh
Transrortnikh ta Logistichnikh Sistem: Materiali Mizhnar.
Nauk.-Prakt. Konf. [Perspective Directions for Develop-
ment of Regional Transport and Logistics Systems:
Proceedings of International Scientific and Practical Con-
ference]. Kharkiv, Kharkiv National Automobile and
Highway University, 125-129 (in Ukrainian).

. Kapsky D. V., Kot E. M., Rinkevich S. A., Semchen-

kov S. S. (2018) Involvement of a Road Carrier in Elec-

Hayka
urexHuka. T. 21, Ne 2 (2022)

10.

11.

12.

13.

tronic Documents Turnover as a Promising Area in the
Field of Improving the Efficiency of Logistics Processes.
Perspektivni Napryami Rozvitku Regional'nikh Transport-
nikh ta Logistichnikh Sistem: Materiali Mizhnar. Nauk.-
Prakt. Konf. [Perspective Directions for Development
of Regional Transport and Logistics Systems: Proceedings
of International Scientific and Practical Conference].
Kharkiv, Kharkiv National Automobile and Highway Uni-
versity, 130-135 (in Ukrainian).

.Kapsky D. V., Kot E. M., Rinkevich S. A., Semchen-

kov S. S. (2019) Improving the Performance of Tram Bra-
king Systems Due to Better Stability and Controllability
of the Brake. Organizatsiya i Bezopasnost' Dorozhnogo
Dvizheniya: Materialy XII Nats. Nauch.-Prakt. Konf.
s Mezhdunar. Uchastiem, 14 Marta 2019 g. T. 1 [Organi-
zation and Road Safety: Proceedings of the XII Interna-
tional Scientific and Practical Conference with Interna-
tional Participation, March 14, 2019, Vol. 1]. Tyumen,
Tyumen Industrial University, 199-206 (in Russian).
Kapsky D. V., Kot E. M., Romeiko V. Yu., Semchen-
kov S. S. (2018) Study of Tram Movement Mode on the
Line Krasnaya Street — Ya. Kolas Street — Logoisk Tract.
Avtomobile- i Traktorostroenie: Materialy Mezhdunar.
Nauch.-Prakt. Konf. T. 2 [Automotive- and Tractor Con-
struction: Proceedings of International Scientific and Prac-
tical Conference. Vol. 2]. Minsk, Belarusian National
Technical University, 55-58 (in Russian).

Kapsky D. V., Kot E. M., Romeiko V. Yu., Semchen-
kov S. S. (2018) Improving the conditions for Trams on
the Line Krasnaya Street — Ya. Kolas Street — Logoisk
Tract by Means of Traffic Management. Avtomobile-
i Traktorostroenie: Materialy Mezhdunar. Nauch.-Prakt.
Konf. T. 2 [Automotive- and Tractor Construction: Pro-
ceedings of International Scientific and Practical Confe-
rence. Vol. 2]. Minsk, Belarusian National Technical Uni-
versity, 59-62 (in Russian).

Kapsky D. V., Kot E. M., Semchenkov S. S. (2019)
Assessment of the Possibility to use Trolleybuses and
Electric Buses in Polotsk and Novopolotsk. Organizatsiya
i Bezopasnost' Dorozhnogo Dvizheniya: Materialy XII Nats.
Nauch.-Prakt. Konf. s Mezhdunar. Uchastiem, 14 Marta
2019 g. T. 1 [Organization and Road Safety: Proceedings
of the XII International Scientific and Practical Confer-
ence with International Participation, March 14, 2019,
Vol. 1]. Tyumen, Tyumen Industrial University, 266-273
(in Russian).

TKP [Technical Code of Common Practice] 314-2011
(02190). Maintenance and Repair of Urban Electric
Transport. Minsk, Energo-Press Publ., 2015. 47 (in Rus-
sian).

Received: 05.09.2019
Accepted: 19.11.2021
Published online: 31.03.2022

157



Tpancnopm

https://doi.org/10.21122/2227-1031-2022-21-2-158-163
UDC 658.511

Statistical Analysis of Industrial Processes

T. I. Chepeleva”, A. N. Chepelev?”

YBelarusian National Technical University (Minsk, Republic of Belarus),
Y Academy of Public Administration under the President of the Republic of Belarus (Minsk, Belarus)

© benopycckuil HallMOHANBHBIN TEXHUYECKUM yHUBEpcUTeT, 2022
Belarusian National Technical University, 2022

Abstract. To analyze the synchronization of machine-building production processes, a statistical approach is used on the cor-
rectness of the choice of parameters. The accuracy of the parameters is achieved by modeling. This method allows checking
how correctly the parameters are selected and whether they ensure uninterrupted operation of production. Statistical analysis
of parameters gives information on failures in a particular production unit, on violations of the synchronization of production
processes, technological processes. With the help of statistical characteristics, it is possible to evaluate production as a whole.
Statistical multidimensional analysis of complex production data allows to analyze the work of individual units, production
blocks. The cluster analysis has been carried out by the method of K-medium production process with minimization of the
total error probability. A geometric interpretation of the results of cluster analysis of production processes is given in the pa-
per. The influence of factors on the work of production has been determined in the paper. The index factorial method with
a different comparison base and different weights has been applied. The hypothesis about the adequacy of the model of pro-
duction processes has been tested. A statistical analysis of the complex data of the production process has been carried out
in the search for optimal solutions in the case of uncertainty and in conditions of risk using the following methods: Bayes,
Laplace and Germeyer using the simplex method. The network methods of decision-making have been used in the paper.
Statistical methods with the help of mathematical modeling have substantiated the optimal sizes of both individual parts
and volumes of local warehouses, so that there were no delays in the transfer of production processes, disruptions in work,
downtime of working equipment. In this case, the criterion for the optimality of production volumes can be the minimum
of total losses from idle time of individual units and production blocks to the possibility of disruption of the synchronous
process modes due to lack of equipment (arising production pockets) or due to long-used outdated units.
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CrarucTuyecKkuid aHajaIn3 NMPOU3BOACTBCHHBIX ITPOLIECCOB

Kanna. texn. nayk, nou. T. H. ‘{eneneBal), A. H. Yeneaes?

DBenopycckuii HaMOHANBHEIH TeXHIUecKuil yauBepeutet (Munck, Pecrybmika benapyce),
? Akaziemus ynpasnenus npu [pesunente Pecriy6muku Benapycs (Munck, Pecy6iuka benapycs)

Pedepar. [[n4 aHanu3a CHHXPOHM3ALMH TPOIECCOB MAIIMHOCTPOUTENBHOIO NMPOM3BOJICTBA HCHONB3yETCS CTaTHCTHYECKHIA
HOAXOJ O NPABHJIBHOCTH BHIOOpa mapameTpoB. TOYHOCTH BEJNMYMH JOCTHUIaeTCsl IMyTeM MojenupoBaHus. J[aHHBIA croco0
HO3BOJISIET MPOBEPUTH, HACKOJIBKO MPABHIEHO BHEIOPaHBI ITapaMeTphl M 00ECIIeUUBAIOT JIM OHU OecniepeboiiHylo paboTy mpo-
n3BozacTBa. CTaTUCTUUECKUIT aHANIN3 BEJIMYMH JaeT HHOpMaIHIo 0 cO0sSX B TOM HIIM HHOM Yy3JIe IPOU3BOJCTBA, O HApyLICHH-
SIX CUHXPOHU3ALUU IPOLECCOB MPOU3BOJICTBA, TEXHOJIOTHUECKUX MpoueccoB. C MOMOLIBIO CTATUCTHYECKUX XapaKTEPUCTUK
MOJKHO OLIGHUTB IIPOU3BOACTBO B Le0oM. CTaTUCTUYECKUI MHOTOMEPHBIN aHAIU3 CJIOKHBIX JAaHHBIX O MPOU3BOJCTBE M103BO-
JSIeT aHAJIM3UPOBATh PabOTy OTAENBHBIX Y3JI0B M OJIOKOB Ipomn3BoacTBa. [IpoBeneH KiacTepHsIil aHaIU3 METOIOM K-CpeaHux
MIPOLECCOB MPOU3BOACTBA C MUHUMH3AIMEH MOIHON BEpOsITHOCTH OIIHOKY. JlaHa reoMeTpudecKast HHTEPIIPeTays pe3ybTa-
TOB KJIACTEPHOTO aHAJIM3a IIPOLECcCOB NMpon3BoacTBa. OmpeneseHo BIUsHAE (aKTOpPoB Ha paboTy mpousBoicTBa. [Ipumenen
HHJICKCHBII (paKTOPHBIA METOJ| C pa3Iu4HON 0a30i CpaBHEHUS M pa3HBIMH BecaMH. [IpoBeneHa npoBepka rHIoOTe3kl 00 ajgek-
BaTHOCTU MOJENIU IPOLECCOB MPOU3BOJCTBA. BBINONHEH CTATUCTUYECKUIl aHAIU3 CIOXHBIX JAHHBIX IIpolecca IPOU3BOJCT-
Ba IpU MOUCKE ONTHUMAJBHBIX PELIEHUI B Cllyuyae HEONPEAEICHHOCTH M B YCIOBHSIX pucka merojamu baiteca, Jlama-
ca u ['epmeiiepa ¢ MOMOIIBIO CUMILICKC-METOIA. MCMOTB30BaHbI CEeTEBbIE METOABI MPHHATHS pemeHnid. CTaTHCTHIECKUMHU
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METOJIJaMH HOCPECTBOM MAaTEeMaTHIECKOTO MOJICINPOBAHHS [IPOBENN 0OOOCHOBAHHE ONTHMAJIBHBIX Pa3MEpOB KaK OTIETbHBIX
Jeraneld, Tak 1 00beMOB MECTHBIX CKJIaJI0B, YTOOBI HE OBUIO ONO3JaHui B paboTe mepeiaydn MpoLeccoB MPOM3BOJICTBA, CPbI-
BOB B pabote, MpocToeB 000pyI0BaHus. B 3TOM ciydae KpuTepueM ONTHMaILHOCTH 00BbEMOB ITPOU3BOICTBA MOXKET CIIY)KUTh
MHHHMYM CyMMAapHBIX NOTEPh OT NMPOCTOS OTJEIBHBIX Y3JI0B U OIOKOB MIPOM3BOJICTBA O BO3MOKHOCTH HapyIIEHUS PEKHMOB
CHHXPOHHOTO TpOoIecca M3-3a HEXBATKH 000pYA0BaHHs (BO3HHUKIIMX KapMaHOB MPOW3BOJACTBA) MM M3-3a JaBHO UCIOJb3Yye-

MBIX YCTapEBIINX arperaTos.

KuroueBble ciioBa: IpOIIECCh, CTATHCTUYCCKHUI aHAIN3, MOJICIUPOBaHKE, (HaKTOPHI

Jas untupoBanus: Yenenesa, T. Y. CraTuctiueckuii aHanu3 mpou3BoACTBeHHBIX mporeccoB / T. W. Uenenesa, A. H. Ue-
nenes // Hayka u mexnuxa. 2022. T. 21, Ne 2. C. 158-163. https://doi.org/10.21122/2227-1031-2022-21-2-158-163

Introduction

Statistical methods are widely used in the in-
dustrial complex, which is very important at the
stages of designing machines, creating them, pro-
ducing them, operating them. Statistical analysis is
used both for the formation of the industrial com-
plex itself, and for the creation of separate equip-
ment, parts, separate nodes. All technical tasks are
continuously connected with the economic and
social direction of the country. The presented work
has a socio-economic direction. The strength and
reliability of manufactured machines is a global
pressing issue of our time. The work of the indus-
trial complex should be first of all uninterrupted, it
requires appropriate preliminary competent calcu-
lations, clearly reflecting the issues raised. Algo-
rithmization of the production processes of the
industrial complex was carried out, and then
a statistical study was conducted on the created
algorithms.

Materials and results of studies

The production process is carried out by people
who own modern technology, i. e. it is a set of ac-
tions of personnel and equipment, resulting in new
machines, or kits, parts to them, the necessary
planned ready-made products within a certain time
frame with minimal defect. Statistical analysis
allows us to solve these problems even at the de-
sign stage of both individual parts, a separate
machine, and the entire industrial complex [1-3].
Statistical analysis evaluates the reliability and risk
of equipment failure, determines the suitability
of production processes.

The work describes the mathematical appa-
ratus, which allows to determine the efficiency
of the enterprise, the effectiveness of competing
processes of a multi-structural resource for the
production of machines at the design stage of
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machines. A mathematical model of the distri-
buted processing of competing processes of a pro-
duction resource is obtained, which can be used
to solve managerial issues in the manufacture of
machines.

Let's look at the parallel distributed and con-
sistent execution of production processes. An in-
dustrial complex, an enterprise must operate
smoothly like a powerful computer. Let it a —
a time used by a variety of distributed competing
processes to organize the parallel use of the wor-
king blocks of a multi-structure production resour-
ce, a > 0; n — a variety of different competing pro-
cesses; p — the number of intellectual performers;
v — the number of work blocks; B; — a set of work

blocks (jzl,_v, j=Ln); a; — time to execute j
production blocks by i competing processes
j=1,_v; i=m 2<v<p.

Let the system of competing multi-structure re-
source processes are equally distributed, i. e. have

the same duration of production processes. There-
fore, there is a coincidence by the time of each of i

n
. p— p— p— p— n —_—
processes: a; =a;, =...=a;, =a;. Let ¢ —Zai -
i=1

the total run time each of the operating B; units by

all n processes; a variety a = a(al, Ay, s 4, t") -
the characteristic set of this system; F (t;] ) =a,

th Sttt om= 1, n, where o, — the time spent

m+1°
on organizing the parallel use of multi-structure
production resource units by a variety of distri-
buted competing workflows, o > 0. It proved, that
then the minimum total time to perform a plurality
of equally distributed competing workflows re-
spectively in serial mode and two parallel distri-

o : 1.3 2
buted modes coincide, otherwise ¢, >1,, =t

where 7', ¢

prs 1, — minimum total time (it’s two of
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3

them) of parallel production mode; 7,

— sequen-
tial. Indeed, if a,, =maxa;", then for the third se-
1<i<n

quential and the second parallel distributed produc-

: 3 2
tion modes, ¢, =t, =t,+(v—-Da, equa-

lity occurs. In this case, every work unit is conti-
nuously performed by all »n processes for any cha-
racteristic set of the system a.

Within 1* parallel distributed mode with con-
tinuous execution by multi resource production
operating units within each of the processes, their
interaction and control subordinate algorithm:

t;r =1 Jr(l/—l)[azL +imax{ai°ﬁl -a;, 0}) Then a; +

i=2

n
o o _ o o _ o
+Zmax{ai71 -a;, 0} =a,,. But a, =maxa;, then
i=2 s
m
. . o o —
when 1<i<m<n equality Zmax{al.f, —a; ,0} =
i=2
= 0 is true, and for 1<m<i<n - equality
n

n
o o _ 0o o
Z max{al._1 —-a;, 0} =a, —a,. a,+ Z max x
i=m+1 i=2

x {aﬁl—af,0}=a§+a;—a“ =a,

o
. =a, and a, +

n
+;max{aff] —-al, O}—rllsli):tf‘ > 0.

Systems, which satisfy equations of the form:
a, =a, =..=a,, =a,, i=1,n, called stationa-
ry, while they are effective at p,v>2 if sys-

tems of competing processes of manufacture are
equally distributed and the following relation

vt" —t(p, n,v,a)=A,(n)>0 fulfill, where v¢" —
time of the execution of the working units of ma-

nufacture B, j=1,v by all n processes in serial

mode.
It is proved that if the production system ope-
rates in three modes: sequential and two parallel
distributed, then for identically distributed compe-
ting production processes, the minimum total time,
taking into account production delays and costs,
is calculated by the formula
t(p,n,v,0)=t, +(v-1)a

max >

n
where 7 = a®; al, =maxal; a’=a,+a.
= I<i<n

160

For an effective, equally distributed produc-
tion system of competing workflows, exists
a more efficient stationary equally distributed sys-
tem, that satisfies the relations vn>2(n+v—1),

O<oa<ming, n=v, p2v>3.

1<i<n

The opposite is true: an equally distributed
production system of competing processes, with 7,
v, p, o parameters that satisfies these relations,
1s effective. Indeed, if there are two effective
equally distributed production systems of compe-
ting processes, it is said that the former is more
effective than the second, if the value A (n) of the
first system is no greater than the corresponding
value of the second.

Let there be an effective equally distributed
production system, then, based on its effectiveness,
inequality is true

max

Ay (m)=(v=1)(t" =, )= (n+v-1)a>0,

where a;, =maxt,,

I<i<n
and for any stationary distributed production sys-
tem, it's valid:

A (V—l)(t” —a)—(n+v—1)oc>0,

a =

where a=1"/n.
It's easy to prove that Ay (n) <A_(n) by substi-

tuting instead A_(n) and A; corresponding va-
lues. Transforming the resulting expression, we

will have: (n—1Da<t" -t/

max °

since for a statio-
nary, equally distributed system is valid

. _on . no_
a=mina; =a,,; . Let for definiteness a,, =a,,

1<i<n

then the following relationship is true:

m—1 n

t,—an.. =Zai + Z a; > (n-1ap, =(n-1)a.
i1

Jj=i+l

Let us prove the converse statement. Condition
of the efficiency of production is equivalent to the

. . t"—a’ n+v-—1
inequality: max >
o

1 We can verify
V_

directly that of the ratio 0<oa <mina; results

1<i<n
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tn an (n—l)a"

— max Z
o o
>n—1,as by the choice o follows the inequa-

a chain of inequalities:

: " : . +v-1
lity min > 1 The inequality n—12> L fol-
o v—1
lows from the expression vn>2(n+v—1).

It is proved that in order to equally distributed
production system competing work processes to
be effective, it is necessary and sufficient that the
following conditions are satisfied:

f(1+\/;), Jv-integer,
s {max r(1+[0]). s(2+[ ).

v -non-integer;

(v-1)"(x-1)

x(x+v-1)

S =

b

where [x] — is the largest integer not exceeding x.

A production system with equally distri-
buted competing workflows will be effective
when p=v=2, if &Sn—_l.

" n(n+1)

Production modes are classified into synchro-
nous, asynchronous and combined. The synchro-
nous production mode is a mode of sequential exe-
cution of all production processes without delay.
Asynchronous mode is a mode of execution of
production processes in violation of sequential
cycles, with delays. For statistical research, this
process can be considered as a discrete random
vector [4, 5]. Asynchronous production mode leads
to a number of negative consequences in produc-
tion: accumulation of unnecessary products in
warehouses and long-term storage; reducing the
overall speed of the process and production effi-
ciency; loss of work schedule, customers, working
hours, usable area, etc. [6].

Suppose that the interaction of production pro-
cesses, work processors and blocks is subject to the
following conditions: none of the resource blocks
can be processed simultaneously by more than one
processor, and none of the processors can process
more than one block at a time if each of them
is processed without interruptions; the procedure
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for providing processor to processes is cyclical;
a block is ready for execution if it is not running on
any of the processors. Then when 7 = kp minimum
total time 7(p, n, s) of execution of the set of com-
peting heterogeneous production processes deter-
mined by the critical path length in the network
vertex-weighted graph, given by matrix A, in
which starting and ending vertices of the graph —
are the first and last elements of the matrix.

Let T(p, n, s) be the minimum total execution
time of all n concentrated processes n > 2 from the
moment of the beginning of the first and to the
moment of completion of the latter within an asyn-
chronous production process. If k=1, then n=p.
In this case, it is enough to consider the execution
of p processes on p processors. According to the
matrix A, = [t;], 1 =G, j =1,_s, we obtain net-
work vertex-weighted graph with the number of
vertices pxs. The vertices and arcs of the graph
must match the nodes and arcs of the rectangular
grid pxs. Horizontal arcs in a graph indicate con-
nections between production units, and vertical
ones — a linear order of production processes. Let
the numbering of the vertices and their weight —
are the relevant elements a@; of the matrix A,
i =E, Jj =15, where a; — production units.
If n > p, then:

n=kp, if k>1;
n=kp+r,if k>21,1<r<p.

Suppose n = kp, then we divide the matrix A,
into k block matrices with dimensions pxs of each,
as a result n production processes are divided into k&
groups of p processes in each. For each of the

block matrices, i. €. submatrices AI(,’Z‘Z, m=1,k,

we construct & linear diagrams Gantt. Each of the
diagrams displays in time the execution of the
next p; processes with the help of PR; proces-

sors, k= E
The execution of the next group of p; proces-

ses should begin after the completion of the pre-
vious group. The total sum of the execution time

of all P; (i =1, n) the processes in this case is defined

as the sum of the lengths of critical paths in each
of successive misalignment diagrams Gantt defined
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by a straight sum of matrices A;’fz (m= I,_k ). To re-

duce time, you must use the technique of combi-
ning k — sequential diagrams along the time axis
from right to left. It should be taken into considera-
tion that the combination, starting from the second
diagram, is carried out at the maximum possible
value so that the technological conditions for the
execution of many processes and production units
are not violated. Block resultant matrix A4~ of exe-
cution times of the blocks of resource production
with taking into the account the maximum conse-
cutive overlapping diagrams, has blocks of subma-

trix A,(!’Zi (m =1k ). In this case, the subma-
trix A;’Q in the resulting matrix 4" is positioned so
that the nature of the interaction of the production
resource blocks not violated, performed both using
the same processor — an intelligent machine (as
indicated by the horizontal connections between
the blocks), so and by other processors (it’s verti-
cal communication). The first row of the matrix 4

consists of blocks of submatrices Al(,’") which re-

flects the nature of the interaction of resource
blocks and processes, using the same processors,
and this, as a rule, is the intellectual resources of
production. The step of combining diagrams is de-
termined by the corresponding displacement of

blocks (submatrices) A;’fz

matrix 4". An offset for
vertical communications occurs starting from the

first row, so that the next row, whose elements are
blocks (submatrices) of the form A;’f}, is shifted

from right to left by the maximum value that does
not violate the linear order of the execution of the
same blocks for different production processes.

m

Since all blocks (submatrices) A!(,xz have the same

dimensions pxs, the displacement at each step is
equal to the value s. Instead of the rightmost sub-
matrix (block) shifted at each step, zeros are set.
Having thus completed the (k— 1) step of shifting,
we obtain the matrix structure 4  corresponding
to the combined Gantt diagram. The matrix 4"
takes into account both all horizontal connections
between blocks and all vertical ones, as well
as connections between blocks from Gantt diag-
rams. Matrix 4~ as a block is symmetrical about
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a second upper triangular diagonal, type Hankel
order £, is:

A(l) A(Z) A(3) A(k—l) A(k)
A(z) A(3) A(4) A(k) 0
e AP 4D 4D 0 0
AED g0 0
AP 0 0 .. 0 0

where A;’Q (m= 1k ) — matrix of the form:

(m) (m) (m)

ay’ ay’ ..oa,
(m) (m) (m)
4 — Gy Ay e Oy
pXs
(m) (m) (m)
ay’ ayy .. ay

In the general case, the description of produc-
tion processes at n = kp will be given by the mat-

rix Ap,,. In this case, as with n=p, a vertex-

weighted network graph is constructed with the

weights given by the matrix A,;X - The vertices of

the graph are located at the nodes of the rectangu-
lar grid (kpxks). Obviously, the weights of the ver-
tices corresponding to zero values of the ma-

trix A,

oxis» including the final vertex with a num-

ber (kp, ks), are equal to zero. Graph defined by the

matrix A,fpxks, fully displays in time the execution

of n=kp, k> 1 processes and thus account for all
possible connections between the blocks, the pro-
duction processes and processors, given by the
conditions of their interaction [7, 8]. If the number
of production processes is not a multiple of the num-
ber of processors, i. e. n=kp+r, 1<r<(p-1),
then the matrix of production execution times of

the resource block Ay ) .1y, 18 constructed

similarly as in the case n =kp. The block matrix

(submatrix) A, xsnys Will contain (p—r) zero

rows. The minimum total runtime 7(p, kp +r, s)
of a variety of heterogeneous competing proces-
ses in this case is also determined by the length of
the critical path in the corresponding network
graph.
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CONCLUSIONS

1. The results can be used to study reliability
systems, which is very important at the stage of
designing transport vehicles and for solving prob-
lems of optimal use of a multi-structure production
resource. The results can also be used to determine
the profitability of machine production.

2. To analyze the production process synchro-
nization used statistical approach to the correctness
of the selection parameters. Simulation approach
allows you to test how much exactly parameters
are selected and whether they ensure the smooth
operation of production. Statistical analysis of the
parameters gives information about failures and
about violations of the synchronization of produc-
tion processes. Statistical estimates are obtained,
allowing to evaluate production as a whole [9-11].

3. The cluster analysis was carried out using
method of the K-average production processes
with minimization of the total error probability.
The influence of the principal factors on the work
of production is determined. A statistical analysis
of the complex data of the production process was
carried out in the search for optimal solutions in
case of uncertainty and under risk conditions using
the following methods: Bayes, Laplace, Germeyer
using the simplex-method [12—14].

4. Used network decision-making methods.
Statistical methods used with the method of mathe-
matical modeling for further substantiating the op-
timal size of both individual parts and the volume
of local warehouses so that there are no delays
in the work of transferring production processes,
disruptions in work, and downtime of working
equipment. Production processes are considered
at different intervals: continuous and discrete.
When modeling the production process in this
case, impulse functions were used.

5. Concentrated and distributed competing pro-
cesses, a method of structuring the resources of
engineering production are considered. Probabilis-
tic characteristics of the output process are got by
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solving the auxiliary deterministic task with stan-
dard actions on random functions.
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MHOTOKOMITIOHCHTHOI'O TBEP/JA0I'0 TOIIJIMBA

C HCIIOJIB30BAHUEM HEKOHAUIIMOHHBLIX I'OPIOYHUX
KOMMYHAJ/IbHBIX H IPOU3BOJACTBCHHBIX 0TX0/10B

Kaup. Texn. nayk A. H. Ilexora"
1)]Senopyccmm roCyIapCTBEHHBIN yHUBepcHuTeT Tpancnopra (I'omens, Pecrrybimka benapyce)

© Bbenopycckuil HaIMOHATIBHBIA TEXHUYECKUH yHUBEpCUTeT, 2022
Belarusian National Technical University, 2022

Pegepat. PaccMoTpensl OCHOBHBIE HalpaBiIeHUs! KOHUEHIMHM HAlMOHAJIBHBIX CTPAaTErnil yCTOWYMBOIO pa3BUTHUS C YUETOM
poGJIeM 3HEpPro- M pecypcocOepeskeHus, a Takke HEOOXOIMMOCTH PAllMOHAIBHOTO HCIIOJIB30BaHUS MIPUPOHBIX U BTOPHI-
HBIX PECYPCOB BO MHOTHX CTPaHaX MHPOBOTO COOOIIECTBA C LIENbIO MEPEXOA K «3eJICHOW» SKOHOMHUKE. J[aHa OlLleHKa SHepre-
THYECKOTO MOTEHNHAala FOPI0YMNX OTXOJOB, HE HAIIEAMINX TEXHOJIOTHYECKOTO NMPHMEHEHHMS, KaK OJHOTO M3 IMPHOPHTETHBIX
HaIpaBJICHNI B 00JIaCTH HETPaAUIIMOHHON SHepreTHKH. [IpecTaBIeHbl aCTIeKTHl HCCIIEJOBAHUH MTOTyYeHNUS M IIPOU3BOJICTBA
MHOTOKOMIOHEHTHOTO TBEPOro Toruuea. Onucana TEXHONOTH OPHKETHPOBAHUS BIAXKHBIX CMecel ¢ 100aBIeHHEM pa3iIny-
HBIX CBAI3YIOMINX, B TOM YHCIIE Pa3HOOOPA3HBIX FOPIOYMX OTXOJOB, C IIENBI0 MOITYyYSHHUS] TBEPAOro TOIUTMBa. OTMEUECHBI 0CO-
OeHHOCTH (POPMHPOBAaHMS KapKaca TOIUIMBA C Y4eTOM (DaKTOpPOB, BIMSIOMIMX HAa IPOU3BOAUTENHLHOCTH OpHKETHpYomen
YCTaHOBKH, a TaKKe JOCTIIKEHHs ONTHUMAIBHOH INIOTHOCTH OpukeTa. BhlmoiHeHa kadecTBEHHAs OLIEHKA Pa3IUYHBIX COOTHO-
MICHUH KOMIIOHEHTOB OPHKETHPYEMOro TOILTHBA, P KOTOPBIX JOCTUTAIOTCS HAWITYHUIINE IPOU3BOACTBEHHBIE U NOTPEOUTEIIH-
CKHe TI0Ka3aTeln. PaccMOTpeHEI 0cOOEHHOCTH TTOATOTOBKH MaTepHAIOB M IPUMEHSIEMOr0 TEXHOIOTHIECKOTO 000pyI0BaHYS,
paboTaroIero B coctaBe JMHUM MOATOTOBKH M OpUKETUPOBaHUS. [37105KeHBI IPaKTHYECKUE aCIeKThl IPOU3BOACTBA, CYIIKH,
HCTIONB30BaHUs OPUKETHPOBAHHOTO TBEPAOTO TOILTHBA. McciemoBaHbl sHepreTndeckne M (pU3HKO-XIMUUECKHE XapaKTepH-
CTHKH MHOTOKOMITOHEHTHBIX COCTABOB TOIUIMBA C NPUMEHEHUEM pa3HBIX METOJWK U JabopaTopHOro odopynosanus. IIpen-
JIOXKEHHBIN QJITOPUTM pEIleHUs MOCTaBJIEHHOH 3alaud MO3BOJISET PALMOHAIBHO HCIIOJIB30BATh HEKOHAUIMOHHbBIE TOprOYne
TIPOMU3BOCTBEHHBIE OTXO/BI [UIS TOTYYSHNS! MHOTOKOMIIOHEHTHOTO TBEPAOTO TOIUIMBA, IPH 3TOM Ha CTaJUH IPOU3BOACTBA
YUUTBIBAOTCS SHEPreTHUECKHUE U SKOJIOIMYECKUE ACHIEKTHI.

KiioueBble cj10Ba: OTXO[bl, TBEPJOE TOIUIMBO, MHOTOKOMIIOHEHTHBII COCTaB, CBA3YIOLIEE, OCAIIOK CTOYHBIX BOJ, HedTe-
COZIEpKaIlUE OTXObI, TETUIOTA CTOPAHHs, TEXHOJIOT U OPUKETHPOBAHUSI, BBIOPOCHI, SHEPTOPECYPCHI, APEBECHBIE OTXOIBI
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Abstract. The main directions of the concept of national strategies for sustainable development are considered, taking into
account the problems of energy and resource saving, as well as the need for the rational use of natural and secondary resources
in many countries of the world community in order to transition to a “green” economy. An assessment of the energy potential
of combustible waste that has not found technological application is given as one of the priority areas in the field of non-
traditional energy. The paper presents aspects of research into obtaining and production of multicomponent solid fuels.
A technology is described for briquetting wet mixtures with the addition of various binders, including various combustible
wastes, in order to obtain solid fuel. The features of the fuel frame formation are given, taking into account the factors affec-
ting the performance of the briquetting plant, as well as achieving the optimal density of the briquette. A qualitative asses-
sment was made with respect to various ratios of the components of briquetted fuel, at which the best production and con-
sumer indicators are achieved. The features of the preparation of materials and the technological equipment used as part
of the preparation and briquetting line are considered. The practical aspects of the production, drying, use of briquetted solid
fuels are outlined in the paper. The paper presents studies of the energy and physico-chemical characteristics of multicompo-
nent fuel compositions using various research laboratory equipment and methods. The proposed algorithm for solving
the problem makes it possible to rationally use substandard combustible production waste to obtain multicomponent solid
fuel, while energy and environmental aspects are taken into consideration at the production stage.

Keywords: waste, solid fuel, multicomponent composition, binder, sewage sludge, oily waste, calorific value, briquetting
technology, emissions, energy resources, wood waste
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BBenenue

MHorue cTpaHbl B paMKax pPa3BHTHS KOHIICTI-
UM HAI[MOHAIBHBIX CTPATETHHl yCTOHYMBOTO pas-
BUTHUSl OCYUIECTBISIIOT CTPEMUTENBHBIN TEpexo]
K «3€JIeHOI» SKOHOMHKE, KOTOpas HalpaBiIeHa Ha
coxpaHeHHe OJaromoxydus OOIIecTBa 3a CYET
3¢ PEKTUBHOTO HCIIOIB30BAHUS TPUPOIHBIX M Ma-
TEepHaNIbHBIX pecypcoB. [Ipu 3TOM OCHOBHBIE yCH-
TS TIPUJIararoTcss B 00macTu pa3pabOTKH M BHEJ-
pEHUSI TEXHOJOTHH, O0eCIeUnBAIOIUX BO3BpAa-
HIEHUE MPOJYKTOB KOHEYHOTO IOJh30BAHUS B
MIPOU3BOJICTBEHHBINM UK. Bce Oosbiie BHeApsie-
MbI€ TEXHOIJIOTUU «3€JICHONW» SKOHOMHKH Halpas-
JIEHBl Ha YKOHOMHOE TOTPEOJICHHE TE€X PECYPCOB,
KOTOpbIE B HACTOSIIEE BPEeMs MMOJIBEPKEHBI UCTO-
HICHUIO (HEBO30OHOBIISIEMBIC MOJIE3HBIE HCKOTae-
MbIe — HE(Th, ra3, Yroib U JIp.), U PaIMOHAIBHOE
WCTIOJIh30BaHNE BO30OHOBIIIEMBIX PECYPCOB.

BrionHe O4eBHMAHO, YTO CTpaTerusi mepexona
K «3€NICHOI» JKOHOMHKE HE MOXKET COAepKaTh
YHHUBEPCAIBHBIX JUIS BCeX CTpaH mpreMoB. OHa BO
MHOTOM 3aBUCHT OT CJIOXKHBIIUXCS TMOJUTUICCKHX,
TEXHOJIOTHYECKUX U COIMANLHBIX yCIOBHH, YPOB-
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HS Pa3BUTHS, OOCCIICUESHHOCTH MPUPOJHBIMH pPe-
cypcamul ¥ Apyrux (akTOpoB. YUUTHIBAS II100aIb-
HbI€ U3MEHEHUS TOIUTMBHO-IHEPTeTHYECKOTO PhIH-
Ka, OCOOCHHO B TIOCJIEHUE T'OJIbI, MHOTHE CTPaHbI
VAENSIOT 3HAYUTEIhbHOE BHUMAaHUE TEXHOIJIOTHSM,
obecrreunBatomuM 3(HPEKTUBHOE WCIOIB30BAHHE
MIPOM3BOICTBEHHBIX, KOMMYHAIBHBIX OTXOIIOB W
O0MOMAacChl ¢ IPUMEHEHUEM TEXHOJIOTHI COKMTaHUS
U TOJIYYCHHUS TOIUIMBA. Takue JAOCTYIKCHUS B HC-
MOJIb30BAaHUM HETPAJUIIMOHHBIX U BO300HOBIIsIC-
MBIX UCTOYHHKOB SHEPTUU B DHEPIETUKE BO3MOXK-
HBI TOJIBKO 33 CUET HAKOIUIEHHOTO UCCIIEI0BATEIIb-
CKOTO0, TEXHOJIOTUIECKOTO U TPAKTHYECKOTO OIThITa
BOBJICUYCHHS TOPIOYHX TPOM3BOJCTBEHHBIX M KOM-
MYHAQJIBHBIX OTXOJIOB, a TaKkKe OMOMACCHI KaK WC-
TOYHUKOB XHMHUYECKOW O3Hepruu. Tak, COINIaCHO
TMaHHBIM 3KcriepTHON omeHkn OOH, exeromgno u3
Henp 3emutn u3Bnekaercst okono 100 mapz T moses-
HBIX UCKOIaeMbIX. B TO ke BpeMs Ha IUIaHETe CKO-
MUJIMCh COTHH MUJUTHAPOB TOHH MPOMBIIIJICHHBIX
0Tx0710B. He mydine cutyarwst u ¢ UCIoJib30BaHUEM
TBEPJBIX KOMMYHAIBHO-OBITOBBIX OTXOJOB. OxXH-
maercsi, uto k 2030 r. yemoBewecTBy HOTpedyercs
Ha 50 % OoJblle MPOJOBOIBCTBUS U COOTBETCTBEH-
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Dnepzemuxa

HO pa3JMYHbIX MHHEPAIbHO-CHIPbEBBIX PECYPCOB,
YyeM ceroniHs. B cBs3u ¢ pocToMm HaceneHUs U pas-
BUTHEM MHUPOBOM SKOHOMHUKH K 2035 T. rmobanbsHOe
NoTpeOIeHNe SHEPrUM  YBEIUYUTCS MPUMEPHO
Ha 50 % [1].

Takum oOpazom, yxke B 0003puMOM OyIyTiemM
MHOTHE TOCYyapcTBa, B IIEPBYIO OUepeab C pa3BU-
TOW CHUCTEMOW DJKOHOMHUKHM M MPOU3BOJICTBA,
HAYHYT HMCIBITHIBATh ACPUIHUT B IHEPreTUUECKUX
pecypcax. Bce 310 cBHIerenbcTByeT 00 ocTpoTe
npobiieM 3HeprocOepeKeHus, a TaKkke O HeoOXo-
JUMOCTH PAalMOHAJILHOTO HCIOJb30BAHUS MpU-
POIHBIX U BTOPUYHBIX PECYpCOB BO BCEX CTpaHax
MHUpOBOro cooOmecTtBa. B To xe Bpems mocien-
HUMH HCCIIEZIOBAHUSAMHU YCTaHOBJIEHO, YTO 3KOHO-
MHYECKH OIIPaBJaHHOE IPUMEHEHHE TOPIOYHX Obl-
TOBBIX U IPOU3BOACTBEHHBIX OTXOJOB KaK 3Hepre-
TUYECKOTO TOIUIMBA IO3BOJISET COKOHOMHUTH HE
MeHee 26 % MHUPOBOW IHEPTeTUYECKON MOTpeOHO-
CTH, NpUYeM JAJsl Pa3BHBAIOLIMXCS CTPaH 3TOT
HPOLIEHT 3KOHOMUH OyIeT KOPPEenupOBaThCs TOJb-
KO B OOJIBIITYIO CTOPOHY.

ACHeKTbI MNPUMEHECHUSA
HCKYCCTBCHHBIX BUA0B TBE€P/JI0Iro TOIJINBA

[Mpou3Bo/CTBa aNbTEPHATHBHBIX BHJIOB TOILIH-
Ba OpHEHTHPYIOTCA Ha BBIPaOOTKY HEIOPOTHUX
3HEPrOPECYPCOB C UCTIOIb30BaHUEM SHEProdhdhek-
TUBHBIX, pecypcocOeperaloniux TEXHOIOTHIA U pa3-
JIJMYHBIX OTXOIJ0B, YTO B OONBIINHCTBE ClIy4dacB
o0ecreunBaeT CoKpaleHne 00beMOB 00pa30BaHUs
0Tx0710B. HanpaBnenue AeaTebHOCTH U BUIBI OT-
X0JIOB MOTYT Pa3liMuaThCs U UMETh CBOH OCOOCH-
HocTu. OJIHAKO, YYUTHIBAs, YTO OJHUM M3 JOCTYII-
HBIX HCTOYHUKOB JJIi MHOTHX CTPaH SIBISIOTCS
OTXOJBI KOMMYHAQJILHOTO XO03sHcTBa M OmoMacca
Pa3IMYHOTO MPOUCXOXKICHUSA, OCHOBHOE BHUMAHUE
npu pa3pabOTKE TEXHOJOTHH YJIENACTCS WX WC-
MOJB30BAHHIO C TOCICAYIOINIUM TEPMHUECKUM
MpUMEHEHHEM. JT0, 0€3yCIIOBHO, pa3yMHO B yCIIO-
BUSAX (OPMUPYIOIIUXCS TEHACHIMU mepexoja B
MEPCIIEKTUBE K «IUPKYISPHOI» SIKOHOMHUKE.

CTOHUT OTMETHTh, YTO Pa3BHUTHIC CTPaHBI aK-
THUBHO Pa3pabaThIBAIOT pa3jHyYHBIE COCTaBBI, MPO-
U3BOJAT WM CXKHIAIOT TBEPJOE BOCCTAHOBICHHOEC
torumBo (anri. refuse-derived fuel — RDF), koto-
poe TPEUMYIISCTBEHHO IOJIy4aeTCs ¢ HCIIONB30-
BaHUEM TBepJbIX ObITOBBIX 0TX0/0B (THO). OHO
COCTOMT B OCHOBHOM H3 TOPIOYHUX KOMIIOHCH-
ToB TBO, Taknx Kak IUTaCTHK W OWopaziaracMble
oTxozbl. TeXHOJOrMU MPOU3BOJICTBA ATBTCPHATHB-
Horo RDF-tornmBa B pa3HbIX CTpaHaxX W PEeruoHax
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UMEIOT paznnuus. Vcrons3oBaHuE €ro, Kak IpaBu-
JI0, IPEAYCMOTPEHO Ha MPOMBIIUICHHBIX MPEIIpUsi-
tusix. TeruorBopHast crmocoOHOcTh RDF-Torumsa
B Pa3NMYHBIX CTPaHaX C MPUMEHEHNEM Pa3HBIX TEX-
HoJjioruii coctapisier 13-23 MJx/kr [2].

Bmecre ¢ TeMm, HecMOTpss Ha TpPHUHUMAaeMbIe
Mephl, 00beM 00pa30BaHUS TOPIOYHMX IPOMBIII-
JICHHBIX OTXOJOB €KEroJHO YBEINIMUBACTCS, a UC-
M0JIb30BAHUE HEKOTOPBIX B 3HAUUTEIbHON CTETICHU
3aTPyTHEHO BBHJLy OTCYTCTBUS SKOHOMHUYECKH BBI-
TOJTHBIX M 9KOJIOIMYECKU 0€30IMacHBIX TEXHOIOTHIA,
o0ecreunBaronx ux MnepepaboTKy U parroHallb-
Hoe npumeHeHue. C nauvana 2000-x rr. B pec-
yOJInKe BeXyTCsl PabOTHI MO CO3MAaHUIO0 aHAJIOTa
RDF-tommuBa, kotopoe aBTopamu [2—5] Ha3BaHO
MHOTOKOMITOHEHTHBIM TBepbIM TorIuBoM (MTT),
(aarm. multicomponent solid fuel — MSF) [6],
B COCTaBE KOTOPOTO HCIIONB3YIOTCS TOPIOYHE OT-
XOJbl, HE HAIlleJIIINe MPUMEHEHUs B JPYTUX TEX-
HOJIOTHSIX.

B ocHOBY MeTo/1a OpHKETHPOBAHUS TIOJIOKEHBI
Hay4YHbIC CHOCOOKI 10100pa MHOTOKOMITOHEHTHBIX
COCTaBOB, YUHTHIBAIOIINE CTPYKTYPHO-PEOJIOTHYE-
CKHE CBOICTBa OTXOZOB, OpPHKETHPYEMOCTb MHO-
TOKOMIIOHEHTHON CMECH B 3aJlaHHOM HWHTEpPBa-
Je 3HAYEHWM MOJA BO3JCHCTBHEM MJABJICHUS U C
y4eTOM BIQXXHOCTH, a TaKkKe APYTuX (pakTopos.
IIpu >TOM YYUTBIBaETCSI IKOJIOTHUECKH TpHUeMIIe-
MO€ COOTHOIIICHUE KOMIIOHEHTOB B COCTaBe OpH-
KeTa JUIi MUHHMH3AIAW SKOJIOTHYECKUX TOCIeI-
CTBHH OT ero NpUMEHEHHsS B KadecTBE TOILIH-
Ba C YUETOM JICHCTBYIONINX TPeOOBaHUH.

HayuyHble 0CHOBBI
noJjay4yenusi MSF-tommBa

ITockonbky B MTT BxomsaT BewiectBa C pas-
JUYHBIM HaOOpOM CBOWMCTB, KOTOpPBIE MOTYT OBITh
MOJTYYeHBI Pa3HOOOpPa3HBIMH CIIOCOOAMH  ITyTEM
CMEIIMBAHUS TEX WM WHBIX HUCXOJHBIX MaTepHa-
JIOB B Pa3HBIX MPOIOPLMIX, BOSHUKACT Psif 3a1ad
[0 ONTHUMH3AIMH MHOTOKOMITOHEHTHBIX CMECEH.
CyTh 3THX 3aJad 3aKJIIOYaeTcs B pacueTe TaKHux
JIO3UPOBOK CMEIIMBAEMBIX BEIIECTB, KOTOPHIE, MU-
HUMU3UPYS PacXo]l CBA3YIONIMX BeIIeCTB (OTXO-
JIOB), TIO3BOJIIIOT TOTOBHUTH CMECH TpeOyemMoro
cocTtaBa IPH COONIONEHUH TEXHOJOTHYECKUX U
PeCypCHBIX orpaHuYeHuil. B cBsizu ¢ oOmelt TeH-
JEHIIMEeH BO3pacTaHWsl HEOTHOPOIHOCTH BOBIIE-
KaeMbIX B TPOU3BOJCTBO TOIUIMBA OTXOJOB Ha
MEepBHI IJIaH BBICTYHAeT CJOXKHAas 3ajada Io-
JMydeHUs CTaOWIBHBIX XapaKTepUCTHUK cMecel
B YCIOBHSAX 3HAYMTENBHBIX BapHalHid COCTaBa
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CMEIINBAEMBIX MaTepUAIOB, 4YTO JPPEKTUBHO
JOCTUTAETCS B IPOLIECCE IKCTIEPUMEHTOB.

BaXHBIM »JIEeMEHTOM JIO00T0 HCCIICIOBaHUS
SIBIISIETCS TIPOBEJCHUE IKCIIEPUMEHTa — OCHOBHOTO
1 HanboJiee COBEPIIICHHOTO METOAA U3yYCeHHS 00h-
eKTa WU mporecca. Tak, aBTOp BCECTOPOHHE H3Y-
YU JBYXKOMIIOHEHTHBIE COCTaBBI [2-5, 7], dTO
MO3BOJIWJIO HA TPAKTHKE ONPEAETUTh ONTUMAallb-
HBIE MTapaMeTpbl BpeMeHH OPUKETHPOBaHUs OpUKe-
Ta P ¢ ydeToM pa3nuyHbIX (PaKTOPOB, BIUSIOLINX
Ha TIPOU3BOAUTEIHHOCTE.

B 0oCHOBY Hay4yHOTO DKCIIEPHMEHTA ITOJIOKECHO
ompeneneHne (QakToOpoB 3aBUCHMOCTH ONTHMAIb-
HOW TPOM3BOAUTENBHOCTA M IJIOTHOCTH TIPH pas-
JUYHBIX TPOIEHTHBIX COAEepKaHUAX (HopMyemMoi
CMECH, COCTOSIIEH W3 OCaaKOB CTOYHBIX BOJ 4,
JPEBECHBIX OTXOJIOB Z U OTXOJOB HE(PTEIpOayK-
TOB ¢ NIPH MAacCOBOM BIaXHOCTH CMECH B Tpere-
nax 38-42 %. [laBneHue npeccoBaHUs U TEMIIe-
paTypa CHIpbS BO BpeMs DKCIIEpPUMEHTa HE H3Me-
HSUTHCB.

YcraHOBKA ISl TTONYYCHUS] TBEPIOTO TOILIMBA
Ha OCHOBE OCaJKa CTOYHBIX BOA, IPEBECHBIX OTXO-
JIOB ¥ OTXO/IOB HE(PTEIPOAYKTOB paccMarpuBaiach
KaK «4YepHBIA SIINK», WMEIOIUH yIpaBiseMble
HE3aBUCUMBIC BXOIHBIC ((haKTOPHI) W BEIXOTHBIC
(oTknMKHM cucTeMbl) mapaMeTpsl. [Ipu ucnosn3ye-
MOM IIOJIXOZI€ MOAEIMPOBANIOCH BHEIIHEe (DYHKIIHU-
OHHMPOBAaHHE YCTAHOBKU IO MPHHIHUIY «4€PHOTO
smuka» (puc. 1), roe a, z, ¢ — BXOJHBIC TTepEeMEH-
Hbele (¢akTopsl); P, U — BBIXOIHBIE NTepEMEHHBIC
(OoTKIIMKHM CUCTEMBI); & — OmmOKa, TOMeXa, BEHI3bI-
BaeMas HaJIMYNeM CITydalHbIX (haKTOpOB; (@ — Orle-
partop, MOIENUPYIOUINM AeHCTBUE peasbHOU Cu-
CTEMBI, ONPEACISAIONINA 3aBHUCUMOCTh OTKIIHMKA
ot ¢aktopoB; Ep, &y — ommbOKka m3meperus P, U,
BBI3BaHHAs HAJIUYMEM CIyYalHBIX (aKTOpOB; @p,
(py — OIeparop, OMpPeNeNIOMUN 3aBUCUMOCTh OT-
KIUKOB P 1 U CUCTEMBI OT (paKTOPOB.

v

Mozenb —p P=op(a,z,c)+&p
¢z —Pp U=oua,z0)+E&

Wy

Puc. 1. KubepHeTrueckoe MpeACTaBICHUE SKCIICPUMEHTA

Fig. 1. Cybernetic representation of the experiment

Maremarndueckasi MOIETh IPOTEKAIOIIETO B
YCTAaHOBKE TEXHOJIOTHYECKOTO IpoIlecca Mo IMpo-
W3BOJICTBY TBEPJIOTO TOIUIMBA (hOPMHUPOBAIIACH TI0

Hayka
urexHuka. T. 21, Ne 2 (2022)

pesyibpTaTaM JKCIIEPUMEHTOB B BHUJAE YpaBHEHHUS
MHOXECTBEHHOH perpeccuu. [IpuHMManu komuue-
cTBO (pakTopoB k =3 (0CajK¥ CTOYHBIX BOJ d, Ape-
BECHBIC OTXOIBI z M OTXOIbI HEPTEIPOAYKTOB C),
T. €. pacCMaTpUBAIIM TPEXMEpPHOE (PaKTOpHOE MPO-
CTPaHCTBO, BCIEACTBUE YEro Ul KaxIoro (akro-
pa BeIOWpaNM 1BAa YPOBHS — BEPXHHH W HUKHHUMH,
Ha KOTOPHIX (haKTOpbl BapbUPOBAIHCh. B 3TOM
citydae IJisl KaXaoro u3 n (GakTopoB obliee Yucio
OIBITOB cocTaBmsio N=2", a monHblii (akrop-
HBIl DKCIEPHUMEHT — 3TO JKCIEPUMEHT Tuma 2".
leomerpuyeckoit uHTepmperanuell  (QakTOpHOTo
sKcIepuMenTa 2° sBistercst Ky6 (puc. 2).

X3
4(——+
Ct) 3¢hh)
2 ; Cnsa)!
E X1
—,—,—)’8’1 b sininiainininininininly dainieiaiely’ 7(+,7,7
(i/ St
X2

Puc. 2. Teomerpudeckas HHTEpIpeTaLus
TIOJIHOTO (haKTOPHOTO SKCIIEpUMEHTa st k = 3

Fig. 2. Geometric interpretation
of the full factorial experiment for £ =3

Hcnonp3oBanne poTaTrabenbHOTO IIAHUPOBA-
HUS BTOPOTO IMOPS/IKA TO3BOJSIET MOMYYHTh Mare-
MaTH4ecKoe OMHMCaHHEe MPOTEKAIOLIero B yCTaHOB-
K€ TEXHOIIOTUIECKOTO TpoIlecca B BUIC YPABHEHUS
MHOXXECTBEHHOH pErpecCHd BTOPOTO TOPSIKA.
Jus uucna dakropoB n =3 mMareMarmyeckas Mo-
JeNb OyZeT UMETh BH/T

y=by+bx, +bx, +bx; +bxx, +

(1)

2 2 2

+ byx, x5 + bgx,xy + by X, + bexy + byxy,
rne b; — KodpPUIUEHT ypaBHEHUS MHOXKECTBEH-
Hoit perpeccun, [ =(0,n).

C mnomomiplo poTtarabenbHOTO IUTAHHUPOBAHUS
BTOPOTO MOPSIKA MOJYYECHO MAaTeMaTH4YeCKOe OIH-
CaHWe TPOTEKAIOIIEr0 B YCTAHOBKE TEXHOJIOTHYE-
CKOTO Mpollecca B BHC YPaBHCHUS MHOKECTBEH-
HOH PpErpeccHy, OIPEENSIONEr0 3aBHCUMOCTh
BPEMEHHU MOJNydYeHHs OpUKeTa OT COIep KaHHs

B (opMyeMoOll CMECH OCagKOB CTOYHBIX BOA, Ipe-
BECHBIX OTXOJOB U OTXOJIOB HE(PTEIPOLYKTOB:
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yl(xl’ X5 x3):

2
=—17,803-0,356x, +1,658x, —0,53x,. @)

Mopensb sSBISI€TCS aJeKBaTHON NIPU BEIOPAaHHOM
ypoBHe 3Haunmoctu o = 0,05, Tak xak 2,974 < F, =
= 5,05. Ilepeiimem B opmyie (2) ot OGezpazmep-
HBIX (PaKTOPOB X|, X; U X3 K pasMEpHBIM a, Z U C,
3aMuIIeM MaTeMaTHYeCKyl MOJETh BPEMEHHU II0-
TMyuyeHus OpUKeTa

P(a, z, c) =

3
=9,072-0,051a +0,276z - 0,53c. @)

Ilo pesynmeraram MpOBEAEHHOTO aHAIM3a Kade-
CTBEHHBIX TIOKa3aTelcii U IMONyYCHHBIX JaHHBIX
JKCIEPUMEHTa MOCTPOSHBI TpadUUeCKUE 3aBUCH-
MOCTH IJISl OINpPEAENICHUSI ONTHMAIBLHOTO COOTHO-
MIEHUST KOMIIOHGHTOB C YIETOM ONTUMAIBHOU TIPO-
u3BoguTensHoctu. Ha puc. 3-5 mpencrapieHsl
3aBUCHMOCTH BPEMEHHU TojJy4deHus Opukera P oT
MPOIEHTHOTO CojepKaHus B (HOpMyeMoil cMmecu
OCaJKOB CTOYHBIX BOJl @, NPEBECHBIX OTXOIOB Z
U OTXOJOB HE(TEHPOIYKTOB ¢ B BHJE IOBEPXHO-
CTel B TPEXMEPHON CUCTEME KOOPAUHAT.

A
= 0
= ”
==
Saw
S
EEe
=
$6 "
=% #*
A 3

-

L
Tlpesecuble e

OTXOJBI Z
CTOYHBIX
BOJL &

Puc. 3. 3aBECUMOCTD BpeMEHH MOy YCHHS
TPEXKOMIIOHEHTHOTO OpHKeTa P OT IPOLIEHTHOTO COACPIKaHUS
0CaJIKOB CTOYHBIX BOJ| ¢ ¥ APEBECHBIX OTXOIOB Z

Fig. 3. Dependence of time for obtaining
three-component briquette P on percentage
of sewage sludge @ and wood waste z

VYpaBHEHHE perpeccuu, OIMpeNeisioiee 3aBU-
CUMOCTh IUIOTHOCTH OpHWKETa OT CONEp)KaHHUS B
(hopMyeMoii cMeCH 0CalIkOB CTOUHBIX BOI, JAPEBEC-
HBIX OTXOZIOB M OTXOJJ0B HE(hTEIPOIYKTOB:

V, (xl, X,, X;)=0,9075+0,0278x, +
+0,0311x, +0,0005x, —0,0293x; —

—0,0125x; —0,0226x; +0,0333x,x, +
+0,0071x,x; —0,0167x,x;.

“)
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Bpemst nostydenus
Opukera P

OTX0OBl s
L -
Hedre- 4{4 Ocanku
IpOAYKTOB ¢ = T CTOYHBIX
S soza

Puc. 4. 3aBucUMOCTb BpEeMEHU MOTyYEeHUs
TPEXKOMIIOHEHTHOTO OpHKEeTa P OT MPOLIEHTHOTO COACPKAHUS
0CaJIKOB CTOYHBIX BOJ[ ¢ U OTXOOB HE(PTEIIPOTYKTOB ¢

Fig. 4. Dependence of time for obtaining
of three-component briquette P on percentage
of sewage sludge a and waste of petroleum products ¢

"L E R

s

Bpemst nosrydenus
Opukera P

-
OTXO0IBI
HedTe- -

TIPOAYKTOB ¢ OTXOJBI Z

Puc. 5. 3aBUCUMOCT BPEMEHH TTOTYYCHUS
TPEXKOMITOHEHTHOTO OpHKeTa P OT MPOLEHTHOTO COREPKAHMS
JIPEBECHBIX OTXOIOB Z 1 OTXO/I0B HE(YTENPOIYKTOB C

Fig. 5. Dependence of time for obtaining
three-component briquette P on percentage
of wood waste z and waste of petroleum products ¢

Mopenb SBJsIeTCs aIeKBaTHOM MPH BHIOPAHHOM
ypoBHe 3HaunmocTn o = 0,05, Tak xak 3,064 < F, =
= 5,05. Mepeiinem B dopmyne (4) or Gespazmep-
HBIX (PAKTOPOB X|, X; U X3 K Pa3MEPHBIM 4, Z U C,
MOJyYUM MAaTeMaTHYSCKYyl0 MOJENb I0Ka3aTels
IJTIOTHOCTH OpHKeTa

U(a, z, c) =-0,733998+0,020828a +
+0,005013z +0,160819¢ —0,000598a° —

—0,000346z> —0,022572¢* +
+0,000794az + 0,001020ac — 0,002778zc.

)

Ilo pe3ynpraraM IMpOBEAEHHOIO aHaIM3a Kaue-
CTBEHHBIX IIOKa3aTeleil M MOIyYeHHBIX JaHHBIX
9KCIIEPHMEHTa MOCTPOEHBI rpaduvecKkue 3aBHCHU-
MOCTH I OINpPENENIEHUS] ONTHUMAJIBHOIO COOTHO-
LICHUS KOMIIOHEHTOB C YYeTOM MHHHUMAaJbHOH
BJIAKHOCTH IIPH ONTUMAJIBHBIX IPOU3BOAUTEIHHO-
cTH U wioTHocTu. Ha puc. 6—8 mpuBenens! 3aBu-

[ Hayka
urexHuka. T. 21, Ne 2 (2022)
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CHUMOCTH IINIOTHOCTHU 6pI/IKeTa U ot MPOLICHTHOT'O
cozepkaHusd B (popMyeMoll cMecH OCaIKOB CTOY-
HBIX BOJ d, APEBECHBIX OTXOJOB z U OTXOJOB
He(TENPOLYKTOB ¢ B BHJE IOBEPXHOCTEH B Tpex-
MEPHOU CHCTEME KOOPAMHAT.

p ww

‘\
“

AR

InornocTs
_ Opukera U

JlpeBecHble

L3
o= Ocaku
OTXOBI Z

CTOYHBIX
BOJ a

Puc. 6. 3aBUCHUMOCTH IDIOTHOCTH TPEXKOMIIOHEHTHOTO
Opukera U OT IPOIEHTHOTO COJICPIKAHHS
0CaJIKOB CTOYHBIX BOJI @ M IPEBECHBIX OTXOIOB Z

Fig. 6. Dependence of density of three-component briquette U
on percentage of sewage sludge @ and wood waste z

Texnonorua nomydeHuss MSF-torumBa ocHoO-
BaHa Ha BJIAYKHOM OPHKETHMPOBAHMHM MHOTOKOMIIO-
HEHTHBIX CMECEil C HCIOJIb30BaHUEM CBS3YIOIINX
KOMIIOHEHTOB WJIM MaTepualioB, 00eCIIeUnBaIOIINX
B COCTaBE OPHKETHPYEMOW CMECH IMPOIECCHI 00b-
€IMHEHUSI MEJKHUX Pa300LIEHHBIX YaCTHIl B KPYII-
HBIE CTPYKTYPHBIE COEAMHEHHS C TpeOyeMbIMH
reOMETPUYECKIMHU, MEXaHUIECKIUMU MapaMeTpaMu
U HEOOXOJMMBIMH HSHEPreTHYECKUMH CBOMCTBa-
mu [8]. [IpuHIMNHATBHAS cXeMa TToI00pa OTXOMOB
npu (pOpPMUPOBAHUN MHOTOKOMIIOHEHTHBIX CMECEH
IIpeJCTaBlIeHa Ha puc. 9.

IlnoTHOCTH
6pukera U
e
-

/%

o Ocazucn
CTOYHBIX
BOX &

e
OT1Xx0/1BI -
HedTe- \\,
npoayktos ¢ }v {;&-
*

Puc. 7. 3aBUCUMOCTb TUIOTHOCTH TPEXKOMIIOHEHTHOT'O
Opukera U OT MPOICHTHOTO COACPKAHUS
0CAaJIKOB CTOYHBIX BOJl @ M OTXOI0B HE()TEIIPOMYKTOB ¢

Fig. 7. Dependence of density

of three-component briquette U on percentage
of sewage sludge a and waste of petroleum products ¢
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OTXO)Z[LI\\

A
o \:\//s Hpereciibie
= OTXOJIbI Z

MIPOJYKTOB ¢

Puc. 8. 3aBUCUMOCTb INIOTHOCTH TPEXKOMIIOHEHTHOT'O
Opukera U OT NPOLIEHTHOTO COZIEPIKAHUS
JPEBECHBIX OTXOJIOB Z U OTXOZ0B HE()TEIPOLYKTOB €

Fig. 8 Dependence of density
of three-component briquette U on percentage
of wood waste z and waste of petroleum products ¢

OTx0Abl roproyne

OTXO,D,bI YUCTble
(opeBecuHa, coromMa u T. n.)

OTx04bl 3arpsi3HEHHbIE
(obnagatouime cBA3yOLLNMM
CBOMCTBaMMU)

B 3aBucumocT ot

CBOIICTB
W 3arpsA3HeHnii

MocTosHHO — He MeHee 45 % —>

Bpuker
TOMAUBHbIN

OTXO,E\bI 3arpsAa3HeHHble
(He obnapatoLLve CBA3YIOLUMA
CBOVCTBaMU)

B 3aBucumocTu ot
r CTeneHu 3arpsisHeHnit

Mpw H

ctm—1- 7%

Mpouecc
6purKeTMpoBaHUSA

|

Puc. 9. llpuHIMnuanpHas cxemMa Hog00opa MHOTOKOMIIOHEHTHOH CMECH € HCIIONBb30BAHUEM PA3JIMYHBIX OTXOI0B

Fig. 9. Schematic diagram of selection of multicomponent mixture using various wastes
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TexHonoruyeckas cxema MHOTOKOMIIOHEHTHO-
ro OpUKETHPOBaHHS MPEACTABISET COOOH HCIIOINb-
30BaHWE PA3TMYHBIX W3MEIbUEHHBIX TOPIOYHX OT-
XOJIOB PaCTHUTENBHO-IIPEBECHOTO TPOHCXOKICHUS.
K HuM, KaKk mpaBmIIO, OTHOCAT OTXOJBI IEPEBO0O-
paboTKH, J1ec03aroTOBOK, COJIOMY, JY3Ty, KOCTPY
u 1. 1. OHK B OONBIIMHCTBE pa3pabOTaHHBIX CO-
CTaBOB  SBIISAIOTCA 0a30BBIMH  KOMIIOHCHTaMH,
K KOTOPBIM MOXHO J00aBJIATh JPYTUe BUIBI TOPIO-
YUX OTXOJOB B OIpPEACICHHOM (HCCICIOBAHHOM)
cooTHomeHny. Hampumep, BO3MOKHO J00aBiieHUE
TaKUX TOPIOYMX KOMIIOHEHTOB, HE HAILICIIINX TEX-
HOJIOTHYECKOTO TMPUMEHEHUsS, KaK OTpaboTaHHBIC
HedTecoaepxKaIue COpOCHTHI, TOTUIMBHBIE W Mac-
JISTHBIE DIIEMEHTHI (DUIIBTPOB, ONUIKH M BETOIIb,
HACBHIIIICHHBIC He()TENPOAYKTAMH, OCaIKH CTOYHBIX
BOJl OYHCTHBIX COOPYXKEHUH, OTXOMbI >KUBOTHO-
U TITUIEBOJICTBA, KOMMYHAIbHO-OBITOBBIE OTXOBI
U T. 1. BayXHBIM yCliOBHEM OpUKETHPOBAHUS SIBIIS-
€TCsl OMpeIeICHHBIA TEXHOJOTUYECKUN UK TO-
TOTOBKH 3THUX CMECEW, KOTOPBIM paccMaTpuBaJICA
oTAeNbHO [2—8].

OcobeHHocTh TexHonoruu nomydenuss MSF-ton-
JUBa — BIIAXXHOE OPHUKETHPOBAHUE MHOTOKOMIIO-
HEHTHBIX CMecel C HCIOJB30BAHUEM CBS3YIOIINX
KOMITOHEHTOB HJIM  CIIEIUATH3UPOBAHHBIX Be-
niectB. B maHHOW TexHONOrMM NOOABIICHUE CBSI3Y-
IOIIET0 KOMIIOHEHTa WIIM CIICIHAIU3HUPOBAHHOTO
BEIIECTBA SBIACTCSA 00A3aTENbHBIM (32 HCKIIOUe-
HUEM HEKOTOPBIX OTXOIIOB) B CHJIy TOTO, YTO IIPH
3TOM PEIIATCS TEXHOJOTHMYECKHUEe 3ajadu, obec-
TIEYUBAOIIIHE:

e HHTEHCUBHOCTh aJICOPOIIMY CBS3YIOIIETO Be-
iecTBa ¢ OpUKETHPYEMBIMH YaCTUIIAMHU;

e KQUECTBEHHOE (POPMHUPOBAHUE MMOBEPXHOCTH,
(hopMBI, MIOTHOCTH W HEOOXOIMMBIX THUIIOpa3Me-
pPOB OPHKETOB;

e BO3MOXXHOCTh PETYJUPOBAHUS TEIJIOTHI Cro-
panust (C UWCHOJB30BAaHMEM HeTecoaep Kaninx
KOMITOHEHTOB, OPTaHMYECKMX W KOMOWHHPOBAH-
HBIX CBA3YIOIINX BELIECTB);

e CO3[]aHNE HEOOXOAMMOIl WHTEHCHBHOCTH 3a-
TBEPJ/ICBAaHUS U MPOYHOCTH OPUKETA MPH CYIIIKE.

Bce paszpaboTaHHBIE B MOCIIEHEE AECATUICTHE
MHOTOKOMIIOHEHTHBIE COCTaBhI TBepaoro MSF-tom-
nuBa O(GOPMIICHBI B BHJIC TEXHHYCCKUX YCIOBUU
TY BY 490319372.002-2021 «TomiuBa TBepable
MHOTOKOMITOHEHTHBIC KOTEIHHO-TICYHBIE» M IPO-
IIUTK TocyaapcTBeHHyto peructpanuio B ben MICC
(20.12.2021, Ne 063905). [IpumMeHeHHEe TEXHUYE-
CKUX YCJIOBUH 00€CIEYMBAET BBITYCK MPOIYKIIUU
C WCIIONIb30BaHUEM pAa3INYHBIX OTXOJOB, pasle-
neHHblXx B TY Ha ceMb THUIIOB B 3aBUCHMOCTHU

170

OT O0IMMX 0COOEHHOCTEH (OPMUPOBAHKS COCTABOB
OTXOJIOB U TPOBEACHHBIX HAYYHBIX M IMpaKTHUe-
CKHMX HcclienoBaHui. Takol Mmoaxod, B KOHCUHOM
WTOTE, 0OECTIEYNBAET ONTUMAIBHOE COOTHOIICHNE
KOMITIOHCHTOB TOIUIMBA, KOTOPOE TapaHTUPYET
HanboJIee MOTHOE CKUTAHHUE HCIIOJIb3YEMBIX B HEM
TFOpPIYHMX MAaTepHUajoB C BBIICICHHEM 3aJaHHBIX
TEIUIOTEXHUYECKUX XapaKTEPUCTUK, COOTBETCTBY-
FOIAX DKOJOTHICCKUM TPEOOBAHMIM K BEIOpOCaM
3arpsI3HSIONINX BEIECTB.

HccaenoBanue 3HepreTHYECKUX
XapaKTepPUCTHK

IlepBblil U BTOpOU 3aKOHBI TEPMOJAUHAMUKH, U3
KOTOPBIX CIenyroT (yHIaMeHTaJIbHbIC ypaBHEHUS,
OBUIM TOJY4eHBI U 3aKpBIThIX cucteM. llpu us-
MEHEHUH COCTOSIHHMS 3aKPBITBIX CHUCTEM MacChl
KOMIIOHEHTOB U, CJI€IOBATEIBHO, COCTAB CUCTEMBI
He wu3MeHdAwTcd. [loaToMy TepMoanHamMHuUecKue
MOTEHIHAIIBI TIPOCTHIX 3aKPBITBIX CHUCTEM SABISIOT-
sl pyHKIMSAMU TOJIBKO JBYX IE€PEMEHHBIX!

dU=TdS— PdV; dH = TdS+ VdP;
dA=-SdT - PdV: dG=-SdT+ VdP. (6)

Ha mnpaktuke mnpu co3gaHud MHOTOKOMIIO-
HEHTHBIX COCTaBOB BCTPEYAIOTCS CHUCTEMBI (HJIH
YacTHU CJIOXHOW 3aKpPBITOM CHUCTEMBI), B KOTOPBIX
IIpH TPOTEKaHWU PA3IUYHBIX MPOIECCOB MACChI
KOMITOHEHTOB M3MEHAI0TCA. Takoe MOXKET Mpouc-
XOANTh, HAPUMED, TpU (PAa30BBIX MPEBPALICHUIX
WM BCJIEICTBUE XUMHUYECKoW peakuuu. [Ipu sTom
MOXKET M3MEHSThCA COCTaB KaK OTAENbHBIX YacTel
CHUCTEMBI, TaK U CUCTEMBI B IIEJIOM.

[ToaTomMy BHYTpeHHsSI 3HEprus (U Apyrue Tep-
MOJIMHAMHUYECKHE MOTEHITNANBI) OTKPBITHIX CHCTEM
OyIyT M3MEHATHCS 32 CUET HE TOJBKO COOOIIEHUS
CHUCTEME TEMJOThl W TPOU3BEACHHOW CHUCTEMOM
paboThl, HO U BapbUPOBAHMS COCTaBa (MAacChl) CH-
cTeMbl. JIJIT OTKPBITBIX MPOCTHIX cHucTeM (0e3 co-
BEpIIIEHUSI CUCTEMOH IMOJIE3HOH pabOThI) Xapakre-
puctuueckue (QyHKIMH OyayT (QYHKUMSMH He
TOJIBKO UX JIBYX €CTECTBEHHBIX IEPEMEHHBIX, HO U
(hyHKIMSIME 9HcTIa MOJIeH BCEX BEMIECTB, COCTaB-
TSIOMIUX CHCTEMY:

U= U(S: I/: nm, ny, ..., I’lk), P:P(Sa [_[: m, ny, ..., nk)a
A(n I/: nm, ny, ..., I’lk), G= G(T7 P, ny, ny, ..., nk)7 (7)

rae ny, M, ..., Ny — YUCIO MOJICH Ka)KIOro Belle-
CTBa, BXOJIAIIIETO B CUCTEMY.

Torma monueli nuddepeHnnan BHyTpEeHHEH
SHEPTUU OTKPBITOH CHCTEMBI MOXHO 3aIMCaTh
CJIEAYIOIIUM 00pa3oM:
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dU = sU ds + oU dV +
0S Jy, oV Js.
(8)
+ ud dn, +...+ L dn,,
on, SV.n e Jsyn

J# J#

TIIE 7; + ; — UHAEKC, 03HAYAIOIIHIA, YTO YUCI0 MOJIEH
JpYyTUX BEIECTB, KpOME AaHHOTO, HE U3MEHETCS.

Takum o00pa3oM, XUMHYECKMHA MOTEHIIMAT
KOMITOHEHTa PaBeH INPHUPAIICHUIO XapaKTepPHCTH-
4eCKOH (DYHKIIMH CHCTEMBI IIPU JOOABIEHUH OJTHO-
0 MOJISl JAaHHOTO KOMITOHEHTA IPH YCJIOBHH, YTO
€CTECTBEHHBIE TIEPEeMEHHBIE M COCTaB CHCTEMBI
ocTaroTcs MOCTOSIHHBIMU. OTciofa IUIsi MPOCTBIX
OTKPBITBIX CHCTEM (YHIaMEHTalIbHOE ypaBHEHHUE
TEPMOAMHAMUKU C YUYCTOM H3MCHCHUA ODHEPTHUHU
ommMCcaHHBIX TpaBwioM (a3 ['mbbca 3amumrercs
B BUJIC

k
dU =TdS - PdV + ) p.dn,. 9)

i=1

B dopmyne (9) kaxnoe ciaraeMoe MOKHO pac-
CMaTpuBaTh Kak NPOU3BEJCHHE WHTEHCHBHOTO
cBoiicTBa (006001IIEHHON CHUJIBI) HA U3MEHEHHUE JKC-
TEHCUBHOTO cBoWcTBa. [l03TOMYy XMMHYECKUM TO-
TEHLIHAI MOXKHO CUMTaTb OOOOIIEHHOM CHIIOH,
OTIpEICTISIONICH pachpe/ielieHue MacC KOMITOHEH-
TOB B CHUCTEME, YTO MPHUBOJUT K YCTAHOBIICHHUIO B
MHOTOKOMITIOHEHTHOM TeTeporeHHoi cucreme ¢a-
30BOT0 U XMMHYECKOTO PaBHOBECHSI.

Tepmonunamuueckas cucrema MTT, cocros-
mast U3 Pa3TUYHbBIX M0 (PU3UIECKUM WIH XUMHYe-
CKHMM CBOMCTBaM 4acTell KOMIIOHEHTHOTO COCTaBa
B mepuoJ (OpMHPOBAaHUS CMECH, OTIIEICHHBIX
JIpyr OT Jpyra TOBEPXHOCTSAMHU pasfena, Oynaer
OTHOCHUTHCA K TE€TEPOreHHOM CUCTEME C HCIOJIb-
30BaHHEM CBSI3YIOIIUX KOMIIOHEHTOB Ha OCHOBE
NPEMMYIIECTBEHHO BSI3KMX BemiecTB. Hambonee
MPOCTHIM M JOCTATOYHO M3yYEHHBIM HCTOYHHUKOM
CBS3YIOIIETO KOMIIOHEHTa SIBJSIOTCS yTJIEBOJO-
poacoaepKamue oTxonsl [2—5]. AnbTepHaTHUBOM
MPUMEHEHUIO dTHM OTXOJaM BO MHOTHX COCTaBax
TBEPJOTO TOIUIMBA MOXET CTaTh IIOBCEMECTHO
pacmpocTpaHeHHBIH ocafok cTovHbX Boj (OCB)
TOPOJICKUX OYUCTHBIX COOPYKEHHH, HCIIOIb30Ba-
HUE KOTOPOTO B CMECH C JApPEBECHO-PACTUTEINb-
HBIMH OTXOJ]aMH ITO3BOJIIET YUTH OT YTIIEPOAHOTO
ciena B TorunBe. [IponM3BOACTBO TOMIMBA TAaKOTO
cocraBa OyJIeT IOJTHOCThEO OTHOCHTHCS K TOIUIHBY,
MOJTly4eHHOMY Ha OCHOBE OMOMAcCCHI, YTO pacCIu-
pSeT BO3MOXHOCTH NPUMEHEHMs TOIUIMBA U TeX-
HOJIOTH B pa3IMYHBIX CTPaHaX.
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[Ipo6nema ucnonb3oBanus OCB ¢ npumeHeHH-
€M THUIMOBBIX TEXHOJIOTUM 3aKJII0YaeTCs B €ro Io-
BBILIEHHOW 30JBbHOCTH M BBICOKOM BIIAYKHOCTH
ncxomnoit cmecu. Ilpm atom OCB mpencraBisroT
coboif aucriepcHyto cucremy. CTemeHp WX JawC-
nepcHocTH Koie6nercs or 10 mo 107 cm ', uro
MO3BOJISICT PACCMATPUBATh OCAIKH KaK KOJIOWIBI
C MOBBIIIEHHON BSI3KOCThIO. BA3KOCTH HEOTHOPOA-
HBIX Macc, B YaCTHOCTH OCAaJKOB CTOYHBIX BOJ, JO
CHUX TOp He H3y4YeHa BBUAY HCKIIIOYHTEIHHOTO
pa3HooOpasusi SBIEHUH M CIOKHOCTH BOIPOCA.
OpnHako Ha OCHOBAaHWM JAHHBIX, MOJYYCHHBIX OT
KOMILJICKCA MCCIICIOBAHUMN, B XOJIe KOTOPBIX BBISB-
JICHO, YTO OCAJKH CTOYHBIX BOJ, 00ja/as MOBBI-
IIEHHOW BSA3KOCTHIO U BBICOKOM TEIJIOTOW cropa-
Hus [9, 10], MOTyT OBITH 3P HEKTUBHO TPUMEHUMBI
B MHOTOKOMITOHEHTHOM OpHKETHPOBAHUU.

[ToydeHHBIe COCTaBBHI TOIUIMBA C MCIOJIB30BA-
HueM OCB npoIniy MOJIHBIA KOMIUIEKC TEOPETH-
YCCKUX M OKCHCPUMECHTAJIBHBIX I/ICCJIeIlOBaHI/Iﬁ XHU-
MHYECKOTO COCTaBa, TEIJIOTEXHWYECKUX M (Hu3n-
KO-MEXaHHYECKHUX XapaKTEePUCTUK C MPUMEHEHUEM
TPaIUIIMOHHBIX JIA0OPATOPHBIX  HCCIEOBAHUMH,
C pa3iIMYHBIMA COOTHOIICHUSMHU COCTaBa, Mapa-
METpaMU IUIOTHOCTH W BIQXHOCTH OPHUKETOB.
HccnenoBanus NpOBOIMIMCH C Y4acTHEM aKKpe-
IUTOBaHHBIX Jraboparopuit HUN dbu3mko-xumude-
ckux mpodiem BI'Y, MHcTHTyTa TEIIO- M Macco-
oomena umenn A. B. JIleikoBa HAH Benapycu,
WHcTHTyTa MEXaHWKU METaUIOTOIMMEPHBIX CH-
crem umenu B. A. benoro HAH benapycu. Crne-
AYET OTMETUTH, YTO U3Yy4aJIMCh HE TOJIBKO C6pI/IKe-
THPOBAaHHBIE MHOTOKOMITOHEHTHBIE COCTaBHI, HO U
30712, oOpasyromascs otT ux cxuranms. Ha puc. 10
npencTaBieHsl uccienoanus UK-cnexrtpomerpuun
00pas3IoB TOIIMBA C IPUMEHECHHUEM COOTHOIICHUS
cmecu 50 % OCB Ha 50 % IpeBecHBIX ONMUIIOK.

Ha puc. 11 moka3aHbl pe3yIbTaThl HCCIICAOBAHMS
¢ npumeHeHreM MK-cniekTpoMeTpru 305161 U TOTLIH-
Ba METOJIOM CpaBHEHHS (HAOKEHHS ) KPUBBIX.

CpaBHUTENBHBI aHAU3 BEIIECTB, OCHOBAH-
HBIi Ha W30HMPaTeIbHOM TOTIONICHUH H3JTy4YCHUS
MH(PAKPACHOW YaCTH CHEKTPa BEIECTBOM INIpU
MIPOXOXKJIEHUU Yepe3 Hero, MoKasall, 4To B Pe3ylib-
TaTe CropaHusl TOIUIMBA IPOM3OINIO XHUMHYECKOE
peoOpazoBaHWe OIHHWX COENWHEHWH B IIPYTHE,
oToOpaskaeMble CHEKTPOM IOTIIOIIEHUS U TPOITyC-
KaHUs (pa3HbIe MMHUKH), XapaKTePHU3YIOIIHE TPYIIIO-
BBIC YaCTOTHBIC KOJICOAHUsI CBS3CH U (PyHKIIMOHAITh-
HBIX TPYII B UCCIIEYEMbIX COSTUHEHHAX. JTO TOBO-
PHUT O TIOTHOM JOXKHTe KapOOHW3NPOBAHHBIX KOMIIO-
HEHTOB COCTaBa MHOTOKOMITOHEHTHOTO TOIDIHBA,
a TaKke O paspylleHHH (OTCYTCTBHH) HeapoMaTH-
YECKHX U apOMaTUYECKUX BEIICCTB.
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Puc. 10. UK-criekrporpamma GpUKETHPOBAHHOTO MHOTOKOMITOHEHTHOTO TorutiBa Mapku MKY7-1c

Fig. 10. IR-spectrogram of briquetted multicomponent fuel of brand MKU7-1¢
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Puc. 11. CpaBHenue metonoM HanoxeHus UK-cnexrporpamm OpHKeTHPOBAaHHOTO MHOTOKOMIIOHEHTHOT'O TOIUIUBA
Mapku MKY7-1c¢ (1) u 30151 (2), 00pa3oBaBmIeiics OT CKUTAHUS

Fig. 11. Comparison by superimposition of IR-spectrograms of briquetted multicomponent fuel
of the MKU?7-1¢ brand (1) and ash (2) formed from combustion

[Ipu 3TOM TBEpAOE TOMIMBO BIaKHOCTHIO 30 %
¢ ucnosb3oBaHueM B coctaBe OCB nmeer Hu3mIyt0
termory cropanus 11,9—12,5 MJx/kr, 9T0 COOT-
BeTcTByeT TpeboBanusmM CTH 1919-2008 mo Tem-
nore cropanusi topdobpukera mapok bT-2-BT-6

(mpu Braxuoctu 20 % Q: = 12,6 M/Ix/kr) u Ka-

JOPUIHOMY OJKBUBajJeHTY. [loCKOJNIbKY TerioTa
cropanuss MTT BnaxHocteio 30 % comocraBuma
¢ TOopHOOpPUKETOM, B OTACIABHBIX CIIy4asX WU
Ipy HEOOXOIMMOCTH (Jake He IOCylIuBas OpH-
KeTel 70 BiaxkHoctH 20 %) MpU CXKWUTAaHUU MO-
JKET BBIJEIATHCS TEIUIOTa CrOpaHus, COOTBETCT-
Bywomas Top(psHOMY TOIITUBY. OTO 0OecreduT
CTAaOMIIBHYIO CHIPHEBYIO 0623y U COKOHOMHUT SHEPTO-
pecypchl.

Pa3zpaboranbl onTuMaibHBIE 0a30BBIE COCTa-
Bl MTT, npuroniHeie Ui KCIOIB30BaHKS B KAUECTBE
sHepropecypcoB Ha npeanpusatuu KITVII «'omens-
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BOJIOKaHAD» C BO3MOXKHOCTBIO CKUTaHUS B KOTJIAX
momHOocThIo 0,5 u 1,0 MBT mpOMBIIIIEHHOW KO-
TeapHOW. B Tabm. 1 mpeacraBiieH cpaBHUTEIBHBIN
aHaJIU3 AJIEMEHTHOTO XMMHUYECKOTO COCTaBa rOpro-
Yyeil MacChl U TEIJIOTHI CTOPAHUS PA3IUYHBIX BUOB
TBEPAOI0 TOIIUBA.

Hayunasi HOBHM3HA HaHHOW TEXHOJIOTMM U Ha-
KOIUICHHBIN TPAKTUYECKUH OIMBIT OPUKETUPOBAHMUS,
a TaKKe IPOBEICHHBIC MCCIEIOBAHUS XaApaKTEpU-
CTHK COCTaBOB TOIUIMBA M HMHCTPYMEHTAJBHBIC 3a-
Mepbl BBIOPOCOB BPEIHBIX BEIECTB IMPH CXKUTAHUU
TOIUIMB C MCIIOJIb30BaHHEM Haubojee pacmpocTpa-
HEHHBIX BHJOB OTXOJIOB, 00pa3yIOUIMXCS Ha IMpea-
MIPUATHAX TIPOMBIIIICHHOCTH, OOBEKTHBHO IIOKa-
3BIBAIOT  DKOJIOTMYHOCTh, 3HEProddeKTUBHOCTH
U TEPCIEKTUBHOCTh BHEJPEHUS TEXHOJOTUU MOMY-
yeHus: MSF-TommmBa ¢ MCIONB30BAHUEM TOPIOYMX
OTXO/IOB.

Hayka
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Tabnuya 1
JJjleMeHTHBIE COCTABBI TOPI0Yel MacChl PA3IHYHBIX BH/IOB TOILTHBA
Elemental compositions of combustible mass of various types of fuel
CocraB TorumBa, % 0
Buj Tonusa >
C H, N, 0, S A A MDx/xr
MTT c ymeBopopoacoaepx ammumMu
OTXOZlaMH 59-62 | 4,6-6,5 0,2-0,3 31-36 | 0,3-0,7 | 4,5-10,0 10,0-19,9 | 18,0-21,0
MTT Ha ocHoBe OCB, mapka 7 50-52 | 2,3-5,1 1,5-2,5 16-20 0,6 21,4-22,7 | 10,4-62,7 | 5,4-16,3
MTT na ocnoBe OCB, mapka 10 50-52 | 2,5-5,1 1,5-2,4 20-22 |0,57-0,6| 21,0214 | 10,4-57,2 | 5,5-15,6
Topd 25-60 | 2,6-6,0 1,1-3,0 15-40 - 6,0-50,0 0-95,0 8,0-16,0
JlpeBecuna 48-52 | 6,0-7,0 0,1-0,6 4345 - - 60,0-95,0 12,5

AKTyaapHOCTh peIIeHUsT MpodiieM mepepadoT-
KM TOPIOYMX OTXOJIOB C MPHUMEHEHUEM JIOCTYITHBIX
TEXHOJIOTUH MOATBEPkKAAETCS BO3POCIIUM HHTEpe-
COM K ee HCIIOJIb30BaHMI0 He TOJIbKO B PecmyOmuke
benapych, HO U B psane ctpan 3amamHoit EBporms
(CepbOun, Pympinun) u Asuu (BeetHame), rae mpo-
BEJCH pAJ COBMECTHBIX JKCIEPUMEHTAIBHBIX U
TeOpeTHYeCKuX uccienoBanuit [11-15].

BbIBOJbI

1. OmpeneneHsl ONTUMAJbHBIC IAPAMETPHI
OpPHUKETHPOBAHUS BIAKHBIX MHOTOKOMITOHCHTHBIX
cMeceil, TO3BOMIAIOINE TOTydYaTh TOIUIUBO C HPH-
CMJICMBIMHU TUIOTHOCTBIO U MPOU3BOAUTCIBEHOCTBIO
YCTaHOBKH, I/ICHOJILSYIOHIeﬁ MUHHUMAJIbHYIO BJIaXK-
HOCTh CMECH. DTO JJaeT BO3MOXXHOCTH B MPOMBIIII-
JICHHBIX 061,eMax IIPOU3BOAUTHE MHOTOKOMIIOHCHT-
HOE TBEpAOE TOIUIMBO, YTO CHOCOOCTBYET YIIyd-
IICHUIO SKOJIOTHYECKOH OOCTaHOBKM M CO3JaeT
CTaOUIIPHYIO 3HEPTreTHUECKYI0 6a3y JUIs MCIONIb30-
BaHU MECTHBIX BUJIOB TOILIJIMBA.

2. TexHOJOTHS HM3TOTOBJIEHUS MHOTOKOMIIO-
HEHTHOTO TBEPAOTO TOILUTUBA METOJOM OpUKETHUPO-
BaHMS IO3BOJISIET MCIOJIB30BATh IIUPOKHHA CIIEKTP
TOPIOYMX OTXOAOB B KAaueCTBE CBA3ZYIOIIETO C BO3-
MOKHOCTBIO €T0 CKUTaHHsI B Pa3IMYHBIX TEILIore-
HEPUPYIOLINX YCTPOICTBaX € MOJIy4YEHHEM BBICO-
KHX SHEPTETHYECKHUX TapaMeTPOB TOPEHUSL.
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